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EXECUTIVE SUMMARY 




Executive Summary 


This project, over its term, included funding to a variety of companies and organizations. 
In addition to Georgia Tech these included Florida Atlantic University with Dr. William E. Glenn 
as the P.I., Kodak with Mr. Mike Richardson as the P.I. and M.I.T./Polaroid with Dr. Richard 
Solomon as the P.I. The focus of the work conducted by these organizations was the 
development of camera hardware for HDTV. The focus of the research at Georgia Tech was the 
development of new semiconductor technology to achieve a next generation solid state imager 
chip that would operate at a high frame rate (170 frames per second), operate at low light levels 
(via the use of avalanche photodiodes as the detector element) and contain 2 million pixels. The 
actual cost required to create this new semiconductor technology was probably at least 5 or 6 
times the investment made under this program and hence we fell short of achieving this rather 
grand goal. We did, however, produce a number of spin-off technologies as a result of our 
efforts. These include, among others, improved avalanche photodiode structures, significant 
advancement of the state of understanding ofZnO/GaAs structures and significant contributions 
to the analysis of general GaAs semiconductor devices and the design of Surface Acoustic Wave 
resonator filters for wireless communication. More of these will be described in the report. 

The work conducted at the partner sites resulted in the development of 4 prototype 
HDTV cameras. The HDTV camera developed by Kodak uses the Kodak KAI-2091M high- 
definition monochrome image sensor. This progressively-scanned charge-coupled device (CCD) 
can operate at video frame rates and has 9 pm square pixels. The photosensitive area has a 16:9 
aspect ratio and is consistent with the “Common Image Format” (CIF). It features an active 



image area of 1928 horizontal by 1084 vertical pixels and has a 55% fill factor, the camera is 
designed to operate in continuous mode with an output data rate of 5MHz, which gives a 
maximum frame rate of 4 frames per second. This camera was delivered to: 

Dr. John C. Wang 

Deputy Chief, Applied Information Technology Division 

NASA Ames Research Center 

Bldg. 211, Room 136 

Moffett Field, CA 94035 

Phone: 650-604-5525 

email: jwang@mail.arc.nasa.gov 

The MIT/Polaroid group developed two cameras under this program. The cameras have 

effectively four times the current video spatial resolution and at 60 frames per second are double 

the normal video frame rate. But spatial and temporal resolution are not enough to create an 

illusion represented reality: virtually noise-free, coherent, and progressive image capture make 

this camera design different from all existing commercial video devices. The camera system 

implements the 1280 x 720 image format supporting the 750/60/1:1 production standard. The 1” 

video format, 16:9 aspect ratio progressive scan, frame-transfer CCD sensor with square pixels 

was designed, and sensor incorporation and camera adaptations were implemented. The first 

prototype of this camera was demonstrated at the 1996 National Association of Broadcasters 

(NAB) show. Both of these cameras were delivered to: 

Dr. Tice DeYoung 

NASA Headquarters, Code PT 

Washington, DC 20546 

Phone: (202) 358-1363 

email : tdeyoung@mail . arc . nasa. gov 

One of the cameras is currently assigned to the supercomputer center at the Naval Research 
Laboratory in Anacostia where it is available for further demonstration. Additional cameras have 
been purchased by ABC/Disney and other commercial firms. Demonstrations have been made at 



the National Institutes of Health, the U.S. Army, the National Security Agency, the National 
Association of Broadcasters annual meeting in Las Vegas (where it won Best of Show), and at 
the American Society of Cinematographers’ annual convention in Los Angeles. 

Florida Atlantic University under this program developed a breadboard high definition 
camera mounted on an optical bench. They used two experimental CCD sensors made by 
Eastman Kodak in the camera. This was the first demonstration in the world of a color camera 
with 1920 x 1080 pixels progressively scanned at 60 frames per second. This is the progressive 
SMPTE 274M standard. It has been a long time objective for HDTV for 15 years. This is the 
first camera to achieve that objective. Since this was a breadboard using an early version of the 
Kodak CCD, it was not a practical camera since it could not be moved. The Florida Atlantic 
University group subsequently built a more practical camera, on a DARPA contract, using the 
equipment purchased on this subcontract, plus additional materials. This camera was delivered to 
the Navy for underwater experiments. Work has continued with enhancements on this camera 
with DARPA funding and with some commercial funding. 




SECTION I: 


INTRODUCTION AND BACKGROUND: 

GEORGIA TECH PORTION 
OF THE PROGRAM 




1.0 Introduction and Background: Georgia Tech Portion of the Program 

In this project we sought to develop a new kind of solid state imager for HDTV 
applications. At the inception of this program there were no US manufacturers of HDTV 
cameras or camera chips and we sought to fill that void. At the time there were also no Japanese 
or European manufacturers which could supply progressive-scan HDTV camera chips though it 
was felt strongly that such chips would probably be required by the eventual FCC standard for 
HDTV. Our rather ambitious goal was to create a new technology for imager chips which would 
operate at the high frame rates needed. We estimated that with our approach an imager 
consisting of a 1920 (V) by 1080 (H) array of pixels would have a rate of 170 frames per second 
when progressively scanned. The pixel size would be roughly 8 pm by 8 pm. Our idea, covered 
in US Patent No. 5,162,885 “Acoustic Charge Transport Imager”, was to combine and avalanche 
photodetector with acoustic charge transport (ACT) readout. ACT is a charge transport 
mechanism for which the photogenerated charge can be read out via a voltage which propagates 
with a surface acoustic wave (SAW) in a piezoelectric semiconductor. Avalanching 
photodetectors play a role in camera tubes such as the HARPICON H4318 from Hitachi for 
which the detection stage is an amorphous selenium target under reverse bias. In addition, some 
CCD imagers utilize amorphous silicon avalanche photodiodes. The use of avalanche 
photodetectors introduces some optical gain in the chip which is critical for HDTV imaging at 
moderate light levels. 
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To be sure, this was an ambitious project. ACT technology was in a relatively early stage 
of development, having not yet reached commercialization and even GaAs technology was not at 
a high level of maturity. Though we did not succeed in developing the HDTV ACT imager chip, 
we made a number of significant discoveries and advances that have had substantial impact on 
GaAs APDs, GaAs electronics, SAW resonator filters and Zinc Oxide film technology. 

The situation has somewhat changed now. GaAs technology, driven by the wireless 
communications industry has reached maturity and is going well. It is the fastest growing sector 
of the semiconductor industry with such companies as RF Micro-Devices (RFMD) performing 
very well. In the last year, since its GaAs Heterostructure Bipolar Transistor (HBT) fabrication 
facility has come on line, RFMD’s stock has risen from roughly $6 per share to $86 per share. 
The path chosen towards an ACT imager chip would be very different if the project were starting 
today. One would leverage the existing industrial base in both GaAs APDs for fiber optic 
telecommunications and GaAs integrated circuits. More will be said about this later in the section 
on suggestions for future work. 

In the figure shown below the schematic of the ACT imager architecture is shown. There 
come to mind several approaches to breaking down this problem. One focal point is the APDs 
and the work on these is described primarily in Sections 2 and 3 but also to some extent in 
Section 4. The other focal point is the ACT portion of the device and work on this is presented in 
Sections 4 and 5. 
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1. Gain/Noise Properties of Doped MOW Junctions 

1.1 Introduction 

In this section, a detailed characterization has been made of the external 
properties of both the PIN and the MQW structures. Comparison of the gain properties at 
low voltages between the MQW and conventional APDs showed a direct experimental 
confirmation of a structure-induced carrier multiplication due to interband impact 
ionization. Similar studies of the bias dependence of the excess noise characteristics show 
that the low-voltage gain is primarily due to electron ionization in the MQW- APDs, and 
to both electron and hole ionization in the conventional APDs. For the doped MQW 
APDs, the average gain per stage was calculated by comparing gain data with depletion 
width and carrier profile measurements, and was found to vary from 1.03 at low bias to 
1.09 near avalanche breakdown. These results are in good agreement with theoretical 

models developed by Brennan' for similar derivatives of the doped MQW APD. 

1.2 Gain Enhancement 

As was previously mentioned, superlattice multiplication APDs are designed 
to outperform bulk multiplication APDs by artificially enhanced ionization through the 
introduction of multiple quantum well layers. This behavior is attributed to the large 
difference in the conduction and valence-band edge discontinuities at the AlGaAs/GaAs 
interface. When a “hot electron” enters from the AlGaAs barrier layer into a GaAs well, 
it abruptly gains an energy equal to the conduction band gap discontinuity, AE C . The 
effect is that the electron “sees” an ionization energy reduced by AEc with respect to the 
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threshold energy in bulk GaAs (E th =2.0 eV). 2 Since the impact ionization rate a increases 
exponentially with decreasing E*, a large increase in the effective a compared to that in 
bulk GaAs is expected. When the electron enters the next barrier layer, the threshold 
energy in the AlGaAs material is increased by AE* therefore decreasing the value of a in 
the AlGaAs. However, since OgsAs » ccaigbAs. the exponential dependence on the 
threshold energy results in an increase in the overall average a given by: 

(Xavg = (OfGaAs + OC A IGaAs)/(LGaAs + L A lGaAs) [ 1 ' 1 1 

where L represents the layer thicknesses. 

In contrast, the ionization rate for holes, P, is not increased substantially due to 
the smaller valence-band discontinuity. This results in a net enhancement in the c/J P 
ratio. 3 

The APD devices were characterized under both light and dark conditions 
using current-voltage (I-V), capacitance-voltage (C-V), and noise measurements. Gain 
curves were calculated from the reverse bias I-V measurements performed as a function 
of photon flux. Carrier concentrations and depletion width profiles were determined 
from the C-V data using a one-sided junction approximation. 

The I-V measurements were taken in the dark and under HeNe laser 
illumination. In order to ensure pure electron injection, the laser beam was focused 
through a microscope objective at the center of the 75 |im diameter opening in the upper 
p-contact ring. Breakdown voltages, Vg, were measured to be about 27 V for the doped 
MQW APD and 63 V for the conventional APD with corresponding dark currents, 
measured at 20% of the breakdown voltages, of about 10 pA and 100 pA, respectively. 
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The dark current IV plots are shown in Figure 1-1 where the low breakdown voltage 
characteristics of the doped MQW APD is demonstrated. This is a result of the high 
doping present in the junction which helps increase the electric field magnitude closer to 
the its critical avalanche value. 

The C-V measurements were performed at 1 MHz. The C-V data (shown in 
Figure 1-2) was then analyzed to calculate the depletion widths and carrier profiles for 
the two structures. The net carrier concentration for the conventional APD is shown in 
Figure 1-3 as a function of the calculated depletion width. As the reverse bias is 
increased, the capacitance decreases to 0.8 pf, while the depletion width increases to 
about 2.6 pm prior to breakdown around 63V. Note that the carrier concentration 
increases sharply as the depletion edge is extended into the doped contact region. Figure 
1-4 shows the corresponding plot for the doped-well MQW device which had a 
breakdown voltage of about 27 Volts . This plot clearly shows evidence of the depletion 
of all 10 stages in the MQW APD. The presence of the peaks in the carrier profile data is 
due to the unequal p and n doping concentrations in the wells. This results in partial 
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Figure 1-1: Dark IV plots for the PIN and the doped- well MQW APD 
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Figure 1-3: Carrier concentration profile vs depletion width for the PIN APD. 
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Figure 1-4: Canier concentration profile vs depletion width for the doped MQW APD 



depletion of the junction as will be shown shortly. With applied bias, the depletion width 
increases, and additional quantum-well stages become depleted. This gives rise to ripples 
in the CV profile resulting from peaks in the carrier concentration. Note that the peak 
positions do not agree with the 1000 A period of the MQW structure. This discrepancy is 
due to the fact that carrier concentration profiles were calculated assuming a one sided 
depletion. 4 This is generally not the case in such structures unless there is a large doping 
imbalance in the junction preventing it from depleting both ways. In addition, the spatial 
resolution of the C-V measurements was limited by the Debye length given by 5 , 

L D =<J(kTe,lq 2 N) [1-2] 

which is about 40 A at room temperature for a doping level of n=1.5xl0 18 cm' 3 . The 
Debye length is the distance over which the Coulomb (electrostatic) forces between 
charged layers are essentially screened out. Since the thickness of the doped layers in the 
wells was of the same order of magnitude (50 A), abrupt changes in the doping 
concentration could not be accurately measured. 

The gain curves, calculated from the I-V data, are shown in Figure 1-5 where 
the bias values were normalized by the breakdown voltage of each device to enable 
comparison. Figure l-5(a) clearly shows the presence of gain in the doped MQW device 
in the low voltage region while the conventional p-i-n structure (Figure l-5(b)) does not 
show any gain in this regime. This is an indication of a structure-induced earner 
multiplication resulting from the band discontinuity and the doping in the MQW APD. In 
order to calculate the gain per period in the doped MQW, the carrier profile plot (Figure 
1_4) was superimposed on the gain curve (Figure l-5(a)) and the gain was estimated at 
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each consecutive carrier concentration minimum as shown in Figure 1-6. The 
corresponding gain values per stage were found to increase from 1.03 at low bias (one 
depleted stage), to about 1.09 near breakdown (ten depleted stages). These results are in 
good agreement with theoretical predictions provided by Brennan 1 for similar derivatives 
of the doped MQW APD. 
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Figure 1-5: Gain vs. the ratio of reverse bias to breakdown voltage for the (a)MQW APD 
and (b)PIN APD. 
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Figure 1-6: Plot used for determining gain per stage for a doped MQW APD 
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1.3 Dark Current Reduction 

Dark current is one of the main parameters of concern in photodetectors. Dark 
current analysis and the reduction of dark current are very important for high sensitivity 
and low noise applications. Defect centers, heterojunction interface traps, as well as mesa 
surface leakage can generate high levels of excess dark current and reduce minority- 
carrier lifetime. 6 

In a typical PN junction, the overall dark current is the sum of the bulk and 
surface components. The bulk component is usually made up of diffusion, generation- 
recombination, and tunneling currents. The surface component consists of generation- 
recombination, and leakage shunt currents usually formed at semiconductor and dielectric 
interfaces. 7 In a device structure with top p and n contacts such as the APDs used in our 
experiments, there are additional sources of dark current components. These are due to 
defect centers at the GaAs/AlGaAs interface and most importantly to surface leakage 
currents along the mesa edge which can contribute significantly to the dark current. 

In this section, it will be shown how substantial the surface leakage component 
can be and how certain growth, processing and surface treatment techniques can be used 
to dramatically lower surface leakage currents by several orders of magnitude. The 
devices that were measured were volume- and delta-doped MQW. In the volume-doped 
MQW structures, the GaAs wells were doped with 50 A (3.0x10 cm'3) adjacent p + and 
n + layers. In the delta-doped APDs, p+ and n+ layers with a sheet charge density of 1-5 
xio 12 cm' 2 were introduced separated by undoped spacer layers ranging from 50 to 150 A. 
Through careful dopant calibration, the devices were grown such as to achieve full 
depletion at low bias. After processing the devices into mesa diodes, various surface 
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passivation treatments were investigated. These include both plasma ashing in an 0 2 
plasma and ammonium sulfide treatments. Through the application of such treatments, a 
decrease in the reverse bias dark current by as much as a factor of 1000 was achieved in 
the low bias region. This can be seen in Figure 1-7 where the dark current is plotted both 
before and after surface treatment by ammonium sulfide. The dark current approximately 
follows a square-root behavior at low to medium reverse bias while at high biases, 
avalanche currents dominate. The rapid increase in the dark current at low reverse bias 
and the large drop in its value achieved by surface treatment are indicative of surface 
leakage. The leakage in these heterojunction mesa diodes was dominated by 
generation/recombination current near the intersection of the mesa surface with the 
GaAs/AlGaAs depletion region. 

As a result of surface treatment, dark currents as low as 1 pA were obtained under 
zero applied bias. In some APDs, the dark currents increased to only 12 pA at 20% of 
breakdown. In addition, these devices exhibited extremely high gains which exceeded 
10,000 in some cases. In most traditional APDs, the presence of high dark currents 
usually presents a limiting factor preventing the further increase in a device’s 
photocurrent gain beyond avalanche breakdown. By reducing the dark currents in these 
devices, it was possible to maintain it at levels well below that of the photocurrent. This 
made it possible to achieve and sustain high levels of gains well beyond breakdown. 
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Figure 1-7: Dark current reduction as a result of surface treatment by ammonium sulfide 
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1.4 Excess Noise Reduction 


There are many different types of noise that may be present in an electrical 
device. A brief discussion of the various types of noise mechanisms is presented below. 


1.4.1 Johnson Noise 

Johnson noise is caused by the random motion of thermally energetic electrons in 
resistive materials. Its instantaneous amplitude is not predictable, but the probability of 
its amplitude being within an interval of dV volts is equal to p(V)dV where p(V) is 
expressed by the familiar Gaussian probability function: 


P (V) = 


-V 2 na- 


(2 ( T 2 ) 172 


[1-3] 


where the parameter a is the rms value of the fluctuations and the quantity universally 
accepted to describe the noise output from a resistor, a is bandwidth dependent and is 
expressed as follows: 

a = (4 kTR s B) ul (volts) [1-4] 

where k is Boltzmann’s constant, T is the resistor temperature in K, R s is the resistance in 
ohms, and B is the noise bandwidth in hertz. Johnson noise is “white noise”, that is the 
rms value per unit bandwidth (rms density) is constant from DC to frequencies extending 
into the infrared region. 
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1.4.2 Shot Noise 


Shot noise is the result of random current fluctuations in vacuum tubes and 
semiconductor junctions. It is caused by the random arrival of discrete electron charges at 
anodes, collectors, and drains. The rms value of shot noise is given by: 

'*,=(2 (A) [1-5] 

where e is the electron charge, I dc is the average DC current through the diode, and B is 
the noise bandwidth in hertz. 

1.4.3 Flicker Noise 

Flicker noise is characterized by its spectral composition and for most electronic 
devices, it dominates thermal and shot noise from DC to about 100 Hz. Although flicker 
noise can be detected in virtually all conducting materials with applied power, it seems to 
be most prominent where electron conduction occurs in granular or semiconductor 
devices. For most semiconductor devices, flicker noise is due to surface effects resulting 
in random carrier recombinations at interface traps. Flicker noise exhibits a 1/F power 
spectrum, with n typically ranging from 0.9 to 1.35. 

1.4.4 Total Non-multiplication Noise 

Because all the noise sources are considered to be random and uncorrelated, the 
noise power in a system is additive, and the total rms noise is the square root of the sum 
of the squares of each of the three noise sources previously described. The total non- 
multiplication noise output voltage is given by : 

Etnc = [4kTR s B + (I S hotR s ) 2 + er 2 ] 1/2 volts rms [ 1 -6] 
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1.4.5 Excess Noise 


The excess noise factor is the component of total noise corresponding to 
fluctuations in the process of carrier multiplication in an avalanche photodiode. It is 
defined as the ratio of multiplication-related noise to that of the non-multiplication noise 
defined by equation [5-6]. Excess noise measurements are usually conducted at high 
frequencies where the shot noise is the most dominant non-multiplication term. 
Therefore, all other noise processes are commonly ignored in excess noice computations. 
McIntyre has shown 8 that the statistical nature of the multiplication process adds an 
additional component to the noise which can be included with the shot noise of the APD 
as an excess noise factor. The excess noise factor in the case of pure electron injection is 
given by: 

f< ^ + (1 .I) (2 _±) [1-71 

where M is the multiplication factor, and k is the effective electron to hole ionization 
ratio of the APD. The root mean square noise current <i n 2 > can be expressed as: 

<i n 2 > = 2eI p0 M 2 FB [1-8] 

where I p o is the primary multiplied photocurrent. In other words, the actual photocurrent 
is given as: 

Iph = I P o*M for I ph » Id (dark current) [1-9] 

A plot of F(M) vs. M from McIntyre’s theory is shown in Figure 1-8 for k’ (=l/k=p/a) 
ranging from 0.001 to 1000. The plots are approximately symmetric on a log-log scale 
about the axis F(M)=M for k and 1/k. At any given gain, lower excess noise is obtained if 
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the carrier with the higher ionization coefficient is injected into the multiplication region. 
For low k\ if the correct carrier is injected, the excess noise can be quite low, with a 
limiting value of 2 for k’=0 at high gain. However, if the wrong carrier is injected, the 
excess noise becomes very high, with the penalty becoming increasingly more severe as 
the disparity between ionization coefficients decreases. Thus, it is important to inject the 
carrier with the higher ionization coefficient into the multiplication region. The lower the 
k’ (or higher the k), the higher the relative difference between a and P, and the lower the 
excess noise. It is important to note that the McIntyre model is not well suited for 
describing the noise characteristics of MQW devices since it was intended mainly for 
conventional APDs. Better models have been developed by Teich et al. 9 ’ 10 and are 
described in the literature. In addition, Marsland 11,12 and Hayat 13 have recently 
considered the 4l dead space” between ionization events in their excess noise calculations. 
They concluded that McIntyre’s calculations overestimate the excess noise factor for a 
given k. McIntyre curves were used in our excess noise factor plot for comparison 
purposes in order to clearly illustrate the difference between the noise properties of 
conventional and MQW APDs. Multiplication noise measurements were conducted on 
both APDs using an HP8568B spectrum analyzer set at a 200 kHz center frequency with 
a 10 kHz resolution bandwidth. 
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M 

Figure 1-8: Excess noise factor F(M) vs. M for constant k\ from McIntyre’s equation. 


Excess noise factor measurements were made with a HeNe laser using 
electron injection into the top p + layer. The experimental excess noise factor data is 
shown in Figure 1-9 where the dashed lines represent McIntyre's calculated theoretical 
curves. Figure l-9(a) for the doped MQW APD clearly shows that for low gains (M<4), 
the ionization ratio is greatly enhanced (k=10-50) as compared to that in bulk GaAs 
(k=1.67). This fact is clear evidence of the validity of our previous results for the gain 
values per stage which assume single carrier multiplication at low voltages. At higher 
voltages, however, the value of k is reduced since the holes gain more energy from the 


20 




applied electric field and are more likely to impact ionize . The noise data for the 
conventional APD displayed in Figure 1 -9(b) shows the high noise (k~l) characteristics 
of the conventional APD even at low bias voltages. Excess noise factors at higher gain 
values were difficult to obtain since the dark current becomes large at high bias. Note 
that in Figure l-9(a), the point where the excess noise data break away from the high k 
McIntyre curves corresponds to the breakdown voltage of the doped well APD. In 
addition, at high gains the k ratio for the doped well APD approaches the bulk GaAs 
value of 1.67. This is expected at high fields since the band bending resulting from the 
MQW structure becomes insignificant compared to that induced by the externally applied 

field. 
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Figure 1-9: Excess noise factors for both (a) the doped MQW APD, and (b) the PIN APD. 
Dashed lines correspond to McIntyre theoretical curves for k=l,2,5,10, and 50. 






2. Spectral Response Properties 
2. 1 APD Quantum Efficiency 

The external quantum efficiency of a photodiode is defined as the number of 
electron-hole pairs generated at the output photocurrent per incident photon : 

r) ea = {l p lq) , ( p opt l h v) [ 2 - 1 ] 

where I p is the photogenerated current resulting from the absorption of incident optical 
power P op( at a given wavelength. Another related quantity is the responsivity which is 
defined as the ratio of the output photocurrent to the incident optical power: 

<k = 1 p- = ui = A / w [ 2 - 2 ] 

P opl hv 1.24 

The quantum efficiency of a photodetector is primarily determined by the absorption 
coefficient cl of the material. Figure 2-1 shows the measured intrinsic absorption 
coefficient for several materials used in photodetectors.' 5 From this figure, we can see 
that the room temperature absorption for GaAs material drops sharply around 0.9 pm. 
This long-wavelength cutoff wavelength is determined by the GaAs energy gap which is 
about 1.43 eV (~ 867 nm) at room temperature. At short wavelengths, the values of 
a become very large, and the radiation gets absorbed very rapidly near the surface where 
the recombination time is short. This will cause the photocarriers to recombine before 
they are collected by the junction region in a photodiode. 
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WAVELENGTH (/Am) 

Figure 2-1: Optical absorption coefficients for different materials at 77 K and 300 K. 16 

The internal quantum efficiency of a photodiode depends on the wavelength of the 
light as well as the thickness and doping of the absorption material. The absorption 
follows Beer’s law and the internal quantum efficiency can be expressed as r| m , = 1- 
exp(txx,J, where a is the wavelength dependent absorption coefficient as shown in 
Figure 2-1, and x^is the thickness of the absorbing material. The “absorption length”, 1,, 
is defined as 1/a and gives the amount of material needed so that 1/e of the light would 
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be transmitted in the absence of reflections. The external quantum efficiency, r\ cu , 
includes the effect of reflection as well as the various carrier recombination mechanisms. 

2.2 Spectral Response Data 

The long-wavelength behavior of the GaAs material was clearly demonstrated by 
spectral response measurements conducted on a doped PIN APD. The spectral response 
output is shown in Figure 2-3. The experimental curve was in good agreement with 
calculated spectral response data for similar devices. In order to calculate the 
experimental quantum efficiency, we measured the APD current output using a HeNe 
laser beam incident inside the p + ring with a total power of about 2 pW (inside a circular 
area with a 75 pm diameter). The experimentally calculated quantum efficiency at 632.8 
nm was found to be about 19% for a doping level of 1x10 cm . Table 2-1 shows the 
experimental external quantum efficiency as a function of the doping in the p* layer. 
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Table 2-1: Measured quantum efficiencies (at 633 nm) as a function of doping for a GaAs PIN 17 


N a in cm ' 3 

r\ nt in % 

1.0 x 10 18 

18.9 

2.0 x 10 lS 

9.0 

3.5 x 10 lS 

7.7 


The simulated quantum efficiency curve (assuming zero reflection and no surface 
recombinations) is shown in Figure 2-3 for a 3 pm PIN photodiode at zero bias. The 
external source power density was maintained at 0.01 W/cm 2 . Using a 75 pm APD with 
an active area of 1.6x10 4 cm 2 , the total incident power on the top p surface is calculated 
to be about 1.6 pW. This is comparable to the HeNe laser power incident on the surface 
during the quantum efficiency experiment. Notice how the theoretical quantum efficiency 
at 633 nm is about 27% which is considerably higher than our experimental value. This is 
largely due to the loss of light due to surface reflection and to surface recombination 
mechanisms which were unaccounted for in our simulation. Even though reflection is 
neglected in the model, the maximum external quantum efficiency does not reach 100% 
due to the presence of various carrier recombination mechanisms (SRH, Auger, etc.) 
which were previously described. 

It is possible to increase the quantum efficiency of the device through the 
introduction of a heavily doped p~ GaAs top layer which will help create a high-field 
region to enhance the diffusion of photogenerated electrons toward the depletion region. 
Figure 2-4 shows the calculated improvements in quantum efficiency for various doping 
differences between the 0.1 pm p ++ layer and the 1 pm p* layer. According to the model, it 
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should be possible to increase the quantum efficiency by over a factor of 10 for the high 
energy part of the spectrum (0.2-0.4 pm). In addition, the response throughout the visible 
spectral region becomes more uniform as can be seen in Figure 2-4. 

Note that the introduction of the thin layer does not make a significant difference 
to the quantum efficiency when the top absorption region is heavily doped (3x10 cm ). 
This is due to increased carrier recombination in the highly doped 1 pm region which 
tends to reduce the number of carriers diffusing toward the depletion region. 



Figure 2-2: Spectral response measurement of an MBE grown PIN APD. 
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Figure 2-3: Theoretical quantum efficiency plot (zero reflection) for a 3 pm GaAs PIN 
(lpm/lpm/lpm) APD where p*= n + =3xl0 18 cm 3 . 



Figure 2-4: Theoretical plots showing possible improvement in quantum efficiency for a 
PIN APD through variations in the doping concentrations and the 
introduction of a thin (0.02 pm) top p ++ layer (all doping concentrations 
given are in cm' 3 ) 
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3. Time Response Characteristics 

The requirements of high bit rate ( > 4000 Mb/s) lightwave communication and 
image processing systems have necessitated the development of fast photodiodes that 
have higher sensitivity than the PIN detector. Improvement in sensitivity while 
maintaining wide bandwidths can only be provided using an amplification mechanism 
within the photodetector itself as is the case in avalanche photodiodes. For optimum 
operation, an APD must meet the following criteria : (1) the electric field in the 
multiplication region must be high enough to produce sufficient gain; (2) the electric field 
in the absorbing region must be low enough so that the tunneling component of the dark 
current is negligible; (3) the depletion region must extend far enough into the absorbing 
region so that diffusion effects are negligibly small. These requirements impose rather 
severe constraints on the doping concentrations and thickness of the epitaxial layers of 
the device. Transient response measurements can provide valuable information on the 
speed performance and the various factors that affect the bandwidth of APDs. Since 
carrier diffusion plays a major role in determining the time response of a photodetector, 
one would expect the speed to depend greatly on the depletion characteristics of the APD. 
The more depleted a structure is, the shorter the distance the carriers will have to diffuse, 
and the faster the response time will be. This will be shortly demonstrated with 
experimental time response data. But first, in order to better understand the results that 
were obtained, a brief discussion the various physical effects that limit the frequency 
response of a photodiode will be presented. 
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3.1 Bandwidth Limitations of Photodetectors 


The bandwidth of a Separate Absorption and Multiplication Regions (SAM) APD 
is determined by five physical effects: 

1. Transit Time: This is the time it takes the generated carriers to travel through the 
depleted region under the effect of the electric field. There are two types of transit times 
in an APD. The primary carrier transit time corresponding to the photogenerated carriers, 
and the secondary carrier transit time required for the multiplied carriers of opposite type 
to retrace the steps of the primary ones. Transit times for electrons and holes (t e and t h ) 
are usually calculated using the ratio of the distance traveled and the "saturation" 
velocity of the appropriate carrier. 

2. Carrier diffusion time: In the undepleted regions of the device, carrier transport must 
take place by diffusion rather than drift. Because of the absence of electric field in the 
absorption layer of a PIN APD, the photogenerated carriers must diffuse in order to reach 
the avalanche region. This results in the slowing of the device’s response. An 
oscilloscope trace of the transient output of such a device would show both a “fast” and a 
“slow” component. The fast component is due to carrier drift, and the slow one, referred 
to as the “diffusion tail”, is due to diffusion from the undepleted regions of the device. 

3. RC time constant: There is a fundamental limit on bandwidth due to the capacitive 
transient charging effects which arise from the depletion region capacitance of the device 
and the combined resistance R of the load and the device. 
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4. Hole trapping: In heterojunction APDs, there is a possibility of carrier delay caused by 
traps present at the heterojunction interface. This effect is related to the abruptness of the 
heterojunction, the barrier height, the temperature, and the effective mass of the earner. 
Because the effective mass of holes is larger by an order of magnitude than that of 
electrons, trapping is more likely to occur for holes than electrons. This phenomena is 
known as "hole trapping" and it can be minimized through the use of graded composition 
layers instead of abrupt heterojunctions. 

5. Avalanche buildup time: For single carrier ionization, one only needs to consider the 
transit time through the multiplication layer. For dual carrier ionization, however, there is 
a feedback process that introduces a time delay through the multiplication region. This is 
called the avalanche buildup time. In an APD, there is a buildup time T, val associated with 
the avalanche gain process which tends to limit the time response of the photodetector. 
The primary avalanche build-up time for electron initiated multiplication is : 

r maln = 77 H ex p[ - J (« " fi&Vx £ 3 ' 1] 

V n V p 0 0 

where K disp is a correction factor; v n and v p are the electron and hole velocities. The 
physical origin of K disp is the electron/hole displacement current which arises from the 
space-charge induced E-field resulting from the motion of carriers . 19 The closer the value 
of a is to that of (3, the more secondary carriers are generated, and the higher the 
avalanche build-up time as can be seen from equation [3-1], 
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3.2 Overall Photodetector Bandwidth 


In the case of a PIN photodetector where absorption takes place in the junction, 
the basic limitations to the response time are due to the RC and the transit times of the 
primary carriers. The overall PIN time constant is usually approximated by the square 
root of the sum of squares of the RC and transit time constants: 

v 2 = Max ( T h> + v 2 [ 3 * 2] 

As was previously mentioned, in an APD, there are two different transit times arising 
from the primary carriers traveling to, and secondary carriers traveling from, the 
multiplication region. In addition, there is the avalanche buildup time (proportional to 
gain) which is proportional to the multiplication process. The actual APD frequency 
response is a complicated function of all of these processes. Hollenhorst 20 and Roy 21 have 
developed complicated transfer functions and matrix expressions to estimate the time 
constants for arbitrary structures. For approximation purposes, the RC time constant is 
usually treated as being non-correlated with the rest of the time constants. In addition, the 
primary hole transit, hole trapping, avalanche buildup and secondary electron transit 
events can be assumed to occur in series, one following the other. In this case, the sum of 
squares can be used to approximate the total time constant as well. 

In the following section, we will present some of the experimental data and 
attempt to provide the proper interpretations as they relate to the processes described 
above. 

3.3 Experimental Results 

Figure 3-1 shows the pulse response for an unbiased doped MQW device with a 
2.5 p.m MQW region. The APD was mounted on a 50 GHz Tektronix sampling scope and 
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was excited with an 810 nm 50 ps laser pulse. As can be seen from the figure, the 
unbiased APD output pulse has a rise time of about 317 ps, a fall time of 2.5 ns and a full 
width at half max (FWHM) of about 1.4 ns. The oscilloscope trace is a convolution of the 
50 ps gaussian laser pulse with the output response of the APD. The fast rise time 
component typically follows the relaxation oscillation of the laser pulse. The falling edge 
of the pulse shows a "fast" and a "slow" component. The slow component at the trailing 
edge is usually attributed to either charge trapping at interface states or diffusion of 
carriers in the undepleted regions of the structure. 22 Diffusion will limit the speed of the 
device as long as there are undepleted regions in the structure and a separate absorption 
layer is being used. At high bias, trapping is no longer an issue, and the device response 
is limited by the transit time and the RC time constant. In the following, it will be 
demonstrated that such a slow response is due largely to diffusion effects in the partially 
depleted APD structure. 

Figure 3-2 shows the response of the above APD under bias (low gain). The fall 
time and the FWHM have now dropped to 819 and 952 ps, respectively, corresponding to 
about a 32% increase in the speed of the device. If the bias is increased further, as shown 
in Figure 3-3, those values drop to 570 and 593 ps, respectivley, with a speed increase of 
about 58%. The large dependence of the pulse’s width and tail on the applied bias is a 
clear indication of a diffusion-limited time response. 
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Figure 3-1: Oscilloscope trace of the pulse response of a doped 2.5 jam MQW APD under 
no bias 






Figure 3-2: Oscilloscope trace of the pulse response of a doped 2.5 pm MQW APD under 
low bias 
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Figure 3-3: Oscilloscope trace of the pulse response of a doped 2.5 pm MQW APD near 
breakdown. 
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The diffusion-limited effect can be verified further by examining the depletion 
width characteristics of the structure obtained from CV measurements. This is shown 
Figure 3-4 where the zero bias depletion width of the MQW and PIN structures are about 
0.1 pm and 1.4 pm respectively. These values can be used to estimate the drift time 
constants from =W dcptelK /v Mt where is the width of the depleted region, and v a is 

the saturation velocity taken to be in the order of 10 cm/s. The drift time constants for 
the MQW and PIN structures were estimated to be 1 ps and 14 ps, respectively. Similarly, 
the ratio of the diffusion time constants between the MQW and the PIN structures is 
directly related to the ratio of the undepleted widths (TtifftMQw/ThfKPiN) ^^umfcf<MQw/^^uo<iep(PiN) 
2.2). Using that ratio and the sums of squares approximation, the diffusion time constants 
for the MQW and PIN structures were calculated to be 1.5 ns and 0.7 ns, respectively. 
This result shows that the MQW structure is largely diffusion-limited due to the presence 
of a large undepleted region. This behavior is largely due to a mismatch in the doping 
balance between the n and p doping layers in the MQW structure. On the other hand, the 
PIN APD shows a much faster time response (Figure 3-5) due to the fact that the 
structure is largely depleted even at zero applied bias Figure 3-4. Therefore, the time 
response limitations for this structure are mainly due to 1) diffusion time in the top p and 
bottom n* layers, and 2) transit time in the intrinsic field region of the structure. Diffusion 
time in the cap layers can be optimized by varying the thicknesses as well as the doping 
concentrations. The transit time can be shortened by increasing the field (applied bias) 
across the junction. This, however, begins to creates an additional delay near breakdown 
due to the increase in the avalanche buildup time. 



The "ringing effect" seen in the oscilloscope trace following the output pulse was 
due to the impedance mismatch between the APD circuit and that of the oscilloscope 
sampling head. With applied bias, the impedance of the APD changes due to the 
increased conductivity of the structure. Note that the relative magnitude of the pulses in 
the case of the MQW APD is not representative of the gain of the device since a variable 
resistor was used in an attempt to match circuit resistance and thus limited the voltage 
applied at the oscilloscope. 
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Figure 3-4: Depletion width plot showing the increase in the depletion region with 
applied bias for a largely undepleted doped (2.5 pm) MQW APD. 
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Figure 3-5: Oscilloscope trace of the pulse response of an undoped 2.5 fim PIN APD with no 
applied bias. 
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4. Temperature Dependence 

4.1 Impact Ionization vs. Tunneling 


In most materials, the mechanisms of junction breakdown can be attributed to 
both impact ionization and tunneling. One way of determining the dominant process is by 
examining the temperature dependence of the junction’s IV characteristics. Since the 
energy bandgap of GaAs decreases with increasing temperature, one would expect the 
breakdown voltage due to the tunneling effect to have a negative temperature coefficient 
leading to a decrease in breakdown voltage with increasing temperature as shown in 
Figure 4-1. This is because a smaller applied field would be needed to reach the same 
current levels at higher temperatures. On the other hand, avalanche breakdown has a 
positive temperature coefficient where the breakdown voltage increases with increasing 
temperature due to the shorter mean free path of earners at higher temperatures. 
Increasing T increases the phonon vibrations of the lattice, thereby increasing the 
probability of premature scattering and reducing the ionization coefficients for a given E- 
field. Other sources of leakage current, such as generation-recombination and diffusion 
also tend to increase with increasing T. The result of such an effect is shown in Figure 4- 
2 by the experimental gain data obtained from the IV curves of a doped MQW APD. 
According to Tyagi 23 , the breakdown voltage is related to temperature through the 
following linear relationship: 

V b (T) = V b (T 0 )(1 + p(T - T 0 )) [4-1] 

where (5>0 in junctions where impact ionization dominates. Such a linear dependence 
was shown experimentally to be valid by Forrest et al. in the case of p n junctions. 
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However, our experimental measurements have shown that for doped MQW junctions, 
the data can be best fit using a third degree polynomial as shown in Figure 4-3. 
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Figure 4-1: IV characteristics of tunneling breakdown . 
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Figure 4-2: Measured gain as a function of temperature (in K) for a doped MQW APD. 
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Figure 4-3: Experimental data and fits for a doped-well MQW APD. 



which shows that C, is directly proportional to [N A N D 7(N A + N D + )] 1/2 . The number of 
ionized donors and acceptors are given by: 16 
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where g is the ground state degeneracy of the donor impurity level and is equal to 2 
since a donor level can accept one electron with either spin or can have no electron. On 
the other hand, g A is the ground-state degeneracy factor for acceptor levels and is equal to 
4. This is because in GaAs as well as in Ge and Si, each acceptor impurity level can 
accept one hole of either spin and the impurity level is doubly degenerate as a result of 
the two degenerate valence bands at k=0. 

Therefore, by examining equations [4-2]-[4-4], it is clear that the capacitance is 
expected to decrease exponentially with decreasing temperature following the decrease in 

the ionized donor and acceptor densities. This behavior is illustrated in the experimental 
CV data in Figure 4-4 where the capacitance at low bias decreases exponentially toward a 
limiting value of about 2.8 pF in the case of a doped-well MQW structure. As the reverse 
bias is increased at a given temperature, the depletion width increases causing the 
capacitance to drop toward 2.8 pF corresponding to the capacitance value for maximum 
depletion of the structure. 
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5. Effect of Variations in the Doping Profiles 


The purpose of the following analysis is to use both theoretical and 
experimental evidence to determine the impact of doping imbalance and symmetry on the 
physical and electrical characteristics of doped MQW APDs. Theoretical models have 
been developed to calculate the electric field, valence and conduction band profiles, CV 
profiles, as well as carrier concentration versus depth profiles. Our models showed a 
strong correlation between the p- and n-doping balance inside the GaAs wells and the 
number of depleted stages and breakdown voltage of the APD. A periodic doping 
imbalance in the wells has been shown to result in a gradual increase (or decrease) in the 
electric field profile throughout the device which gave rise to partially depleted devices at 
low bias. The MQW APD structures that were modeled consisted of the standard 
structure with a 1 pm doped-well MQW region. These simulation results showed that in 
an APD with nine doped wells, and where the 50 A p-doped layer is off by 10% 
compared to the n-doped layer (p= 1.65x10 18 cm'3, n=1.5xl0l8 cm'3), half the stages 
were shown to be undepleted at low bias which was a result of a reduction in the E-field 
near the p"*" cap layer by over 50% from its value in the balanced structure. Experimental 
CV and IV data on similar MBE grown MQW structures have shown very similar 
depletion and breakdown characteristics. The models have enabled a better interpretation 
of the experimental data and relate some of the observed peculiarities in the IV and CV 
curves directly to the doping profile in the MQW structure. 
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5.1 Introduction 


Several characterization techniques have been devised to analyze and understand 
the optical and electrical properties of APDs 26 . These include various experiments such 
as IV measurements which are used to determine the gain properties of the device, and 
CV measurements which are used to calculate carrier concentration versus depletion 
width profiles. However, the data obtained using such experimental techniques are not 
always easy to interpret and relate back to the physical processes taking place inside the 
structures. In addition, the practical limitations inherent in the growth and fabrication of 
large quantities of devices with different structural designs add even more complexity to 
the problem because of the large number of variables involved in the process. 

In what follows, a more practical approach will be presented to analyzing the 
experimental data obtained using IV and CV experiments and specifically those relating 
the doping profile characteristics to device properties. Accurate theoretical models of 
MQW APD structures have been developed using AtlasII, Silvaco’s two-dimensional 
device simulation framework. These models were used to provide graphical 
representations of the spatial variations of the electric field across the biased structure, as 
well as conduction and valence band diagrams of the GaAs/AlGaAs MQW structure 
before and after breakdown. In addition, avalanche breakdown simulations and small 
signal ac analysis were used to extract IV and CV curves in order to compare the data 
from the models to those obtained directly from our experimental devices. Both electron- 
and hole-injected photocurrent solutions were obtained by simulating a 632.8 nm 
monochromatic light source with spot power of about 1 W/cm 2 incident on the devices’ 
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front and back surfaces. CV solutions were obtained using small signal analysis at a 
frequency of 1 MHz and with a signal magnitude of 0.03 V. All our analysis were 
conducted using Newton’s two-carrier method 26 and the generation rate of electron-hole 
pairs due to impact ionization was modeled according to Selberherr . 

5.2 Theoretical Results 

The APD structure used in this model consisted of a top and bottom p + and n + 
doped (3xl0 18 cm’ 3 ) GaAs layers with thicknesses of 1 pm. The middle region was made 
up of 10 periods of alternating layers of GaAs (500 A) and Alg ^Gao 58 As (500A). The 
GaAs wells were similarly doped with p-i-n layers whose thicknesses and doping 
concentrations were treated as variable parameters for the purpose of our study. When a 
reverse bias is applied, the combined effect of the applied electric field, the built-in field, 
and the conduction band offset enhances the ionization process of electrons in the GaAs. 
The holes, on the other hand, are subjected to a smaller valence band discontinuity and 

therefore gain less energy than the electrons. 

In this study, the widths of the p and n doping layers were held constant at 50 A, 

and that of the intrinsic layer at 100 A. The doping imbalance (IpHN) was varied 

M 

between zero and 100 percent. Figure 5-1 shows the corresponding CV plots obtained for 
similar devices with 0%, 33.3%, and 100% doping imbalance. As expected, the 
capacitance of the device is lowest when the p and n doping are perfectly matched since 
the net carrier concentration throughout the device is reduced to zero. 


49 


H 






However, the avalanche breakdown voltage as depicted by the IV curves in Figure 5-2, 
seems to be highest when p is equal to n. This is due to the fact that a doping mismatch 
would result in a gradual increase of the electric field throughout the device which would 
cause impact ionization to take place at a lower bias point. Therefore, a large doping 
imbalance would actually lower the bias at which breakdown occurs. This, however, 
comes at the expense of a large undepleted region which could limit the quantum 
efficiency and severely hurt the time response characteristics of the photodiode. 

Figure 5-4 shows the calculated carrier concentration versus depletion width 
profile for similar APD structures with 0%, 10%, 20%, 33.3%, and 100% doping 
mismatch. In the case where p=n=1.5xl0 18 , it can be seen that the device is fully depleted 
at zero bias. The number of undepleted stages begins to increase when increasing the 
offset between p- and n-doping. In the case where the p-doping is twice that of n, only 
about 20% of the device is depleted at zero bias. In order to better understand the effect 
of the doping imbalance on the MQW structures, it is helpful to examine the valence and 
conduction band diagrams Figure 5-5, as well as the electric field spatial profile shown in 
Figure 5-3. Devices corresponding to 0%, 33%, and 100% doping imbalances are modeled 
at a reverse bias of 20 V. As is seen from the two figures, the electric field is uniformly 
symmetric, and the MQW region is equally depleted in the case where p=n. However, as 
p gradually increases, the electric field becomes progressively lower near the top p-layer 
which results in non-uniform depletion of the MQW structure. The effect of such non- 
uniform depletion on the device’s photocurrent can be clearly seen in the IV plots shown 
in Figure 5-2. In the case of electron injection, the photocurrent at zero bias is about four 
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orders of magnitude lower than that for hole injection. Gradually, the electron-injected 

-8 

photocurrent increases as the device is depleted until it reaches about 6x10 A 
corresponding to that of the hole-injected photocurrent. Therefore, a doping imbalance 
where p>n can greatly reduce the device’s external quantum efficiency in the case of 
electron injection. Such an effect is not as pronounced in the case where n>p due to the 
smaller valence band discontinuity faced by the injected holes. 
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Figure 5-2: Comparison of theoretical light IV data obtained for the same APD MQW 
structure where the doping mismatch in the wells was varied between 0% 
and 100% 
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Figure 5-5: Theoretical band diagrams of the same MQW APD structures with different doping 
imbalance in the wells (V = -20 V) 
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5.3 Experimental Results 

CV measurements were performed on all devices at 1 MHz. The CV data 
was then analyzed to calculate the depletion widths and carrier profiles for the structures. 
Figure 5-6 shows the net carrier concentration plots for four doped-well MQW devices 
labeled as APD1 through APD4. All devices have similar geometries except for the p- 
and n-doping in the wells which was varied between 0.5xl0 18 and 1.5xl0 18 cm’ 3 . It is 
interesting to see that even though APD1 and APD2 were expected to have very similar 
properties, their CV and carrier concentration profiles were quite different. APD1 was 
almost fully depleted at zero bias, while APD2 was not and only reached full depletion 
right before breakdown. Note that the peak positions in the carrier profile of APD2 do not 
quite agree with the 1000 A period in the MQW structure and with the doping profiles 
obtained using our models. This discrepancy is due to the fact that earner concentration 
profiles calculated from the experimental CV data assumed a one sided depletion^ 8 which 
apparently does not hold true for the experimental devices. Other sources of error in the 
experimental data result from the inability to accurately account for parasitic capacitance 
between the devices and the metal contacts and bonding wires in the measurement 
system. In addition, note how the average net carrier concentration in the experimental 
doping profile gradually increases up to the top GaAs well where it then drops indicating 
that the doping imbalance is not the same throughout the structure. 
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The spatial resolution of the CV measurements (both experimental and theoretical) was 
limited by the Debye length which is about 40 A at room temperature for a doping level 
of n=1.5xl0 18 cm' 3 . Since the thickness of the doped layers in the wells was of the same 
order of magnitude (50 A), abrupt changes in the doping concentration could not be 
accurately measured. Therefore, it is generally difficult to relate the apparent carrier 
concentration obtained from the experimental devices to the actual doping imbalance in 
the wells. However, using our theoretical carrier profile where the actual doping 
imbalance is fully known, it is possible to estimate the actual doping mismatch in every 
doped layer in the experimental MQW device by superimposing both the experimental 
and theoretical data. Therefore, we can roughly conclude that the average doping 
imbalance in APD1 is far less than 10% which resulted in full depletion at zero bias, 
while that in APD2 is between 30% and 40% where full depletion of the MQWs was 
achieved near breakdown around 27 V. In the case of APD3 and APD4, the situation was 
quite different. Apparently, the p- and n-doping mismatch was so large (~ 200 %) to the 
point where only partial depletion of two wells was accomplished before avalanche 
breakdown. By examining the electron injected photocurrent curves, we can easily 
conclude that for both APD1 and APD2, the doping mismatch is such that n > p, while in 
APD3 and APD4, the situation is reversed. This can be clearly understood by comparing 
the light IV data to the theoretical curves. The gradual increase in the electron injected 
photocurrent in APD3 and APD4 is an indication of trapping of injected electrons by the 
AlGaAs barriers near the p-layer where the device is undepleted. Therefore, according to 
the models shown in Figure 5-4, the average p-doping in the wells must be larger than that 
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of n. In the case of APD1 and APD2, no trapping seems to take place since the low bias 
photocurrent is much higher and relatively flat. Therefore, these two devices have 
undepleted regions near the n-layer which indicates that n > p. 



Applied Bias (V) 


Figure 5-7: Experimental light IV curves obtained for all four 10-period doped-well MQW APDs 
for the same incident photon flux (electron injection) 
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CONCLUSIONS 


Throughout this work, a detailed comparison of the gain and noise characteristics 
of a conventional and a doped well MQW APD was presented. The data obtained 
demonstrated a direct experimental evidence of structure induced preferential 
multiplication of electrons over holes. For the doped MQW APDs, the average gain per 
stage was calculated by comparing gain data with carrier profile measurements, and was 
found to vary from 1.03 at low bias to 1.09 near avalanche breakdown. This is in contrast 
to conventional PIN structures which show no gain in this regime. It was also shown that, 
as the bias was increased, the effect of the structure became less pronounced, and the 
MQW device was reduced to a conventional PIN structure. Similar studies of the bias 
dependence of the excess noise characteristics show that the low-voltage gain is primarily 
due to electron ionization in the MQW APDs, and to both electron and hole ionization in 
the PIN APDs. Our measurements of the doped MQW APD clearly showed that for low 
gains (M < 6), the ionization ratio is greatly enhanced (k = ot/(3 = 10 - 50) as compared to 
that in bulk GaAs (k = 1.67). At higher voltages, however, the value of k is reduced since 
the holes gain more energy from the applied electric field and are more likely to impact 
ionize. 

It was also observed that surface recombination has a significant on the dark 
current behavior of an APD. The resulting leakage currents can have dramatic 
consequences on the sensitivities and attainable gain levels in a photodiode. As a result of 
surface treatment, dark currents at low bias were reduced to as low as 1 pA. The result of 
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this reduction in dark current was manifested in the structures’ high gain performance 
which exceeded 10,000 in some APDs. By being able to reduce the dark currents, it was 
possible to maintain dark current levels well below those of the photocurrents. This made 
it possible to achieve and sustain high levels of gains well beyond the onset of junction 
breakdown. 

The spectral response and quantum efficiencies for some of the structures were 
also calculated and modeled. The experimental data were very consistent with the 
theoretical models. The quantum efficiencies of the fabricated structures were relatively 
low because of the loss of photogenerated carriers due to recombination mechanisms in 
the diffusion layer. It was shown how it was theoretically possible to significantly 
increase the quantum efficiency of the devices through the introduction of a heavily 
doped p ++ GaAs top layer. Such layers help to create a high-field region that will enhance 
the diffusion of photogenerated electrons toward the depletion region. 

An investigation was also made into the impact of doping imbalances in doped- 
well MQW APDs on device IV and CV characteristics and how such an imbalance would 
affect the depletion properties of the APDs. Our theoretical models were in full 
agreement with the observed experimental data and have provided a good understanding 
of the physical processes that take place inside a doped MQW APD. These models have 
been used to interpret experimental IV and CV data and to determine the extent of 
depletion in APD devices. How these parameters were affected by the p- and n-doping 
imbalance in the structure was also determined. The model predicted that a doping 
mismatch as small as 10% could reduce the depletion layer by as much as 50%. It was 
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also shown how a large doping imbalance would cause the device to quickly reach 
avalanche breakdown in the depleted layers and would prevent full depletion. 

The presence of undepleted regions was also shown to be one of the major causes 
of the slow time response in avalanche photodiodes. Partial depletion gave rise to a 
diffusion-limited transient response in doped MQW structures. This was demonstrated 
experimentally to be the case by examining the change in diffusion tail of the output 
pulse response of the devices as a function of applied bias. Fully depleted PIN structures 
showed a fast time response even at zero applied bias. The relationships between the 
depleted (undepleted) widths and the drift (diffusion) time response were used in 
conjunction with the sums of squares approximation to get an estimate of the time 
constants which limit the overall response of both the PIN and the MQW structures. The 
diffusion time constant for the MQW structure (T diff ~ 1.5 ns) was found to be more than 
twice as large as that calculated for the PIN APD (x diff ~ 0.7 ns) and confirms that the 
undepleted MQW structure was diffusion-limited. 
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Well Avalanche Photodiodes 


HDTV Project Report 

Ilgu Yun and Gary S. May 
School of Electrical and Computer Engineering 
Georgia Institute of Technology 

1. Overview 

GaAs/AlGaAs multiple quantum well (MQW) avalanche photodiodes (APDs) are of interest 
as an ultra-low noise image capture mechanism for high definition systems. In this effort, the effect 
of various doping methods on the reliability of GaAs/AlGaAs MQW APD structures fabricated by 
molecular beam epitaxy (MBE) were investigated. Reliability was examined by accelerated life tests by 
monitoring dark current and breakdown voltage. Median device lifetime and the activation energy of the 
degradation mechanism are computed for undoped, doped-barrier, and doped-well APD structures. 
Lifetimes for each device structure were examined via a statistically designed experiment. Analysis of 
variance showed that dark current was affected primarily by device diameter, temperature and stressing 
time, and breakdown voltage depended on the diameter, stressing time and APD type. The undoped APD 
had the highest reliability, followed by the doped well and doped barrier devices, respectively. 

To determine the source of the degradation mechanism for each device structure, failure analysis using 
the electron-beam induced current (EBIC) method was performed. EBIC analysis revealed some degree of 
device degradation caused by ionic impurities in the passivation layer, and energy-dispersive spectrometry 
(EDS) subsequently verified the presence of ionic sodium as the primary contaminant. However, sodium 
contamination alone did not account for the observed variation between the differently doped APDs. This 
effect was explained by dopant migration during stressing, which is verified by free carrier concentration 
measurements using the capacitance-voltage technique. 
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Since literally millions of APDs must be fabricated for HDTV imaging arrays, it was also 
critical to evaluate potential performance variations of individual devices in light of the realities of 
semiconductor manufacturing. This study also presented a systematic methodology for modeling 
the parametric performance of GaAs MQW APDs. The approach described requires a model of 
the probability distribution of each of the relevant process variables, as well as a second model to 
account for the correlation between this measured process data and device performance metrics. 
The availability of these models enables the computation of the joint probability density function 
required for predicting performance using the Jacobian transformation method. The resulting 
density function could then be numerically integrated to determine parametric yield. Neural 
networks were used as a tool for generating the models described above. In applying this 
methodology to MQW APDs, it was shown that using a small number of test devices with varying 
active diameters, barrier and well widths, and doping concentrations enables prediction of the 
expected performance variation of APD gain and noise in larger populations of devices. This 
approach compared favorably with the Monte Carlo technique, but consumed fewer 
computational resources. 

2. Accomplishments 
2.1. Reliability Modeling 

In the image capture application, the image capture stage must have sufficient optical gain to enable 
very sensitive light detection, but at the same time, the gain derived during detection must not contribute 
additional noise. Various APD structures, including doped-barrier, doped-well, and undoped devices have 
been fabricated, and these structures were all considered as candidates for the high-definition system 
imaging application. The effect of the different doping techniques on device performance is critical. An 
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investigation of the relative advantages and disadvantages of each device structure as pertaining to long- 
term, low-noise performance was therefore warranted. 

In the reliability study, accelerated life testing of undoped, doped barrier, and doped well APD device 
structures has been conducted with the objective of estimating long-term device reliability. Dark current 
and breakdown voltage were the parameters monitored. Degradation in these parameters was investigated 
via high temperature storage tests and accelerated life tests, and the results of these tests were used to 
estimate device lifetime by assuming an Arrhenius-type temperature dependence [1]. Using the median 
device lifetime and its standard deviation as parameters, a failure probability model of these devices was 
derived using a log-normal failure distribution [2], 

Lifetimes for each device structure were examined via a statistically designed experiment. A 
comparison of the reliability of the various APD structures was then performed using the analysis of 
variance (ANOVA) technique [3], Results of the ANOVA study that dark current was mainly dependent 
on device diameter, temperature and stress time. Breakdown voltage was primarily impacted by diameter, 
temperature and APD type. It was concluded that the undoped APD structure yielded devices that 
exhibited the highest reliability, followed by the doped well and doped barrier devices, respectively. 

Following device stressing, an analysis was conducted to determine the failure mechanism. Potential 
failure mechanisms were evaluated using scanning electron microscopy (SEM) and EBIC method [4], 
Based on SEM and EBIC analysis, the presence of ionic impurities contaminating the passivation layer at 
the junction perimeter was proposed as a potential failure mechanism. EDS [5] was subsequently used to 
identify ionic sodium as the source of contamination. However, all three device structures are passivated 
using the same procedure. Therefore, sodium contamination alone does not account for the observed 
variation between the differently APD device types. On the contrary, this result is explained by dopant 
migration during stressing, which is verified by the measurement of free carrier concentration before and 
after stressing using the capacitance-voltage (C-V) technique [6]. 
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2.1.1. Accelerated Life Testing 

The basic structure of the devices investigated (Figure 1) is that of a p-i-n diode where the intrinsic 
region is composed of the MQW superlattice structure. For the doped-barrier MQW APDs, the 1-3 pm 
thick GaAs/AlGaAs superlattice region consists of 25 periods of 200 A GaAs quantum wells separated by 
800 A AlGaAs barrier layers. One complete period consists of a 300 A high-field AlGaAs region doped at 
3x10'* cm' 3 , the 200 A undoped GaAs layer, and a 500 A undoped AlGaAs layer. In the doped-well 
devices, high electric fields are achieved in the narrow bandgap GaAs wells of the avalanche region by the 
introduction of 50 A thick p+ and n+ layers doped at 1.5x10’* cm' 3 [16]. The undoped MQW APD design 
is similar, but with the MQW region replaced by a 2.5 pm intrinsic GaAs layer. 



Figure 1. Cross section of AlGaAs/GaAs MQW APD. 

Accelerated life tests for the three different APD structures were performed on several different devices 
of each type with a constant reverse current of 10 pA for 200 hours at three different ambient temperature 
levels: 100, 150 and 200 °C. These conditions are summarized in Table 1. 


Table 1. Accelerated Life Tests Conditions 


Temperature [°C] 


Number of Samples 

Stress Time [hour] 

100 

10 

4 

200 

150 

10 

6 

200 

200 

10 

6 

200 


4 



















To maintain a constant 10 pA current, the reverse bias voltages for the doped-barrier, doped-well and 
undoped APD were approximately 8, 10 and 80 V, respectively. The activation energy for the failure 
mechanism and the average device lifetime were subsequently computed. It was assumed that the 
temperature dependence of the device failure rate (R) obeys the following Arrhenius law [1]: 

R- R 0 * exp(-Zi tf / kT) (1) 

where R« is a temperature-independent pre-exponential failure acceleration factor, E, is the activation 
energy, T is the absolute temperature, and k is Boltzmann's constant. During these tests, dark current and 
breakdown voltage were measured at room temperature (300 °K) after high-temperature stressing. The 
breakdown voltage was obtained from the device I-V curve using the tangential line method. Typical 
breakdown voltages were 7.5 - 9 V for the doped-barrier APD, 10 - 12 V for the doped-well APD, and 70 - 
85 V for the undoped APD. The devices were classified as failing when the dark currents at room 
temperature and 90% of the breakdown voltage exceeded 1 pA. 

Several observations were made as a result of the high temperature storage tests and accelerated life 
tests. First, unbiased baking of the APD samples resulted in significantly less degradation, which is 
demonstrated by a comparison of Figures 2 and 3. Dark current increases due to thermal overstress under 
bias for the doped-barrier devices were generally found to be exponentially dependent on the time of 
exposure to the reverse-bias field. The doped-well and undoped devices exhibited similar behavior. This 
fact is shown Figure 4(a), in which the dark current at a given reverse-bias voltage increases significantly 
as a function of stress time. On the other hand, breakdown voltage was shown to be nearly linearly 
dependent on stressing time, as shown in Figure 4(b). 
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Reverse bias voltage [V] 


Figure 2. Room-temperature I-V curve of an doped-barrier APD sample after 0, 50, 100, and 

200 hours of unbiased baking at 200 degrees C. 




Figure 3. Room-temperature I-V curve of an doped-barrier APD sample after 0, 50, 100, and 

200 hours of aging under bias at 200 degrees C. 
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Stress Time [hours] 


Stress Time [hours] 


Figure 4. (a) Dark current and (b) breakdown voltage variations of doped-barrier APDs after 

accelerated life testing at 200 degrees C. 


Figure 5 is an example of the percent of cumulative failures for the doped-barrier device versus the 
lognormal projection of the device time-to-failure after accelerated life testing. Although the sample size is 
small, the data appeared linear, which indicates that the failure mode is the wearout type. Failures obeyed 
the lognormal distribution relatively well. Median lifetimes for the doped-barrier devices at 100, 150, and 
200 °C were estimated to be 1400, 250, and 78 hours, respectively, with a standard deviation of 1.84. For 
the doped-well APDs, median lifetimes at 100, 150, and 200 °C were estimated to be 4204, 315 and 86 
hours, respectively, with a standard deviation of 1 .94. Finally, in the undoped case, the median lifetimes at 
100, 150, and 200 °C are estimated to be 8590, 495 and 84 hours, respectively, with a standard deviation 
of 2.13. 
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Figure 5. Lognormal projection of time-to-failure versus percent of cumulative failures for 
doped-barrier APDs after life testing at 100, 150, and 200 degrees C. 

A sample Arrhenius plot of median lifetime as a function of reciprocal aging temperature is shown in 
Figure 6. From these plots, the thermal activation energy of the device aging process is computed to be 
0.44, 0.60, and 0.71 eV for the doped-barrier, doped-well and undoped devices, respectively. Using these 
activation energy levels, the median APD lifetime for the doped-barrier device under practical use 
conditions can be estimated to be 3.7xl0 4 hours (approximately 4.3 years) at room temperature, with a 
standard deviation of 116 hours. Lifetime estimates for the doped-well and undoped cases were 3.4xl0 5 
hours (approximately 39 years) with a standard deviation of 343 hours and 1.7xl0 6 hours (approximately 
197 years) at room temperature, with a standard deviation of 1031 hours. It is interesting to note that the 
doped-well APD, which is a complimentary structure of the doped-barrier APD, has a significantly longer 
median lifetime. A summary of life test results is shown in Table 2. 
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Figure 6. Arrhenius plot of median device lifetime for doped-barrier APDs as a function of 

reciprocal aging temperature. 


Table 2. Summary of Life Test Results 


Device Type 

Activation Energy 

Median Lifetime (at 300 °K) 

Standard 

Deviation 


0.44 eV 

3.7xl0 4 hours 

1 16 hours 

M5SEE5IE231 

0.60 eV 

3.4x10 s hours 

343 hours 


0.71 eV 

1.7xl0 6 hours 

1031 hours 


2.1.2. Performance Comparison of APD Structures 

Statistical experimental design [3] was used to quantify the impact of each factor on APD reliability 
and to determine whether the differences between device structures were statistically significant. Due to the 
mixture of qualitative and quantitative input factors, a D -optimal experimental design with 24 runs was 
selected to identify the effect of input parameters on the measured responses [7], The factors investigated 
in this experiment were device type, diameter of the active area, aging temperature, and stress time. A 
summary of these input factors is shown in Table 3. Dark current, breakdown voltage, and device lifetime 
were the measured responses. 
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Tab 

e 3 - Input Factors 

Parameter 

Values 

APD Type 

Doped-barrier APD (DB) 
Doped-well APD (DW) 
Undoped APD (UND) 

Aging Temperature 

100-200 °C 

Stress Time 

50-150 hour 

Diameter 

75-130 pm 


A comparison of the various APD structures in terms of reliability was performed using the analysis of 
variance (ANOVA) technique. Experimental data was analyzed using the RS /Discover commercial 
software package [8], Using this approach, it was verified that the different processes used to fabricate the 
three APD structures did indeed significantly impact the reliability of the devices. Using the ANOVA 
technique, the statistical significance of each input reflects the degree to which the parameter contributes to 
the variation of the measured responses. If the value of the statistical significance is less than 5%, then the 
input contribution to the variation of the measured response is considered significant with 95% confidence. 
Table IV shows the significance of each factor on the two responses. 


Table 4 - Results of D-optimal Experiment 



Statistical Significance 

Factor 

Dark Current (Id) 

Breakdown Voltage (V b ) 

Device Lifetime (T D ) 

Diameter 

0.0132 

0.0141 

0.3151 

Temperature 

0.0009 

0.2192 

0.0008 

Stress time 

0.0013 

0.0218 

0.4128 

APD type 

0.2288 

0.0001 

0.0035 


Results indicate that dark-current variation is affected primarily by diameter, temperature, stressing 
time, and to a lesser degree by the APD type. Breakdown-voltage variation depends on the diameter, 
stressing time and APD type. Interestingly, the stress temperature did not have a significant effect on the 
change in breakdown voltage. Device lifetime is impacted most significantly by stress temperature and 
APD type. From these results, it may be concluded that the doping process used in the fabrication of the 
APD structure has a profound impact on device reliability. Since the undoped devices exhibit the highest 
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degree of reliability, it can be assumed that doping, while enhancing device performance, makes the device 
less reliable. 

2.1.3. Failure Analysis 

Failure analysis on the thermally stressed devices was carried out using SEM and EBIC [4], Prior to 
this analysis, the presence of contaminants in passivating nitrides at the junction was hypothesized as a 
possible cause for dark current increases during stressing. Defects causing device failure were detected in 
each type of device after life testing (Figure 7). (Similar results were observed in the doped well and 
undoped devices). Using EBIC analysis, local defects at the junction region change the electron-beam 
current indicating the reason for the device failure. Defects near the area of the junction were detected in 
the EBIC images, and nearly all the SEM images exhibit a similar pattern of defects in the exposed junction 
area as well. The only exception was the SEM image of an undoped device after life testing, which showed 
only a small defect in the junction. 



Figure 7. (a) SEM and (b) EBIC images of doped-barrier GaAs MQW APD after accelerated 

life testing at 200 degrees C. 

From SEM and EBIC analysis of the degraded samples, it was determined that the dark current 
increase could be partially explained by the presence of ionic impurities or contamination in the silicon 
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nitride passivation layer at the junction perimeter. Such contamination generates a leakage path shorting 
the junction under an electric field. This hypothesis is supported by the fact that unbiased baking of the 
APD samples resulted in significantly less degradation, which is demonstrated by a comparison of Figures 
2 and 3. It has been suggested that these type of defects occur at metal-rich precipitates, some of which 
occur at crystal dislocations [9-1 1], The cause of the gradual reduction in breakdown voltage, on the other 
hand, is not known explicitly, but presumably involves the field-assisted and/or temperature-assisted drift 
of some impurity species or defects to localized sites in the pn junction. 

A common contaminant for silicon nitride passivating films is ionic sodium. EDS was used to 
determine whether sodium was the source of contamination in these devices. In this case, EDS confirmed 
the presence of ionic sodium and verified that sodium is the primary contaminant (see Table 4). It is 
believed that this sodium originated from the APD processing environment or the personnel involved in 
fabrication. In addition, ionic potassium was detected in the doped-barrier device. (The significant 
amount of phosphorus detected in the undoped device was probably due to the etching of the mesa 
structure). 


Table 4 - EDS Results for the Doped-barrier, Doped-well, and Undoped MQW APDs. 


Element 

Doped-barrier MQW APD 

Doped-well MQW APD Undoped MQW APD | 

Weight [%] j 

Na 

13.68 

18.39 

14.48 

In 

- 

3.72 

1.21 

P 

4.38 

- 

21.79 

Cl 

10.41 

- 

- 

K 

11.31 

- 

- 


Although ionic contamination is a plausible explanation for device degradation, this effect alone does 
not account for the statistically significant variations in lifetime among the differently doped APD 
structures. Since the same passivation process was applied to each structure, one would expect that each 
would have roughly the same lifetime if contamination were the sole cause of degradation. However, it was 
observed that the undoped devices were clearly more reliable, followed by the doped well and doped barrier 
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devices, respectively. Therefore, it was theorized that dopant migration might also play a significant role in 
the device degradation mechanism. This theory was investigated by analyzing dopant migration using C-V 
measurements to extract the free carrier concentration in the APD multiple quantum well region before and 
after life testing. C-V measurements were performed at 1 MHz using an HP4277A LCZ meter. 

For the doped-barrier APD, the free carrier profile in the depletion region is shown in Figure 8. Before 
life testing, the depletion region width under a reverse bias near the breakdown voltage was approximately 
0.195 pm. After life testing, the free carrier concentration significantly increased in the barrier region, and 
the depletion width decreased to 0.14 pm under reverse bias. Similarly, for the doped-well APD, the 
depletion region width under reverse bias was about 0.185 pm before life testing. After life testing, the free 
carrier concentration again increased, and the depletion width shrunk to 0.17 pm. 
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Figure 8. Free carrier concentration profile of doped-barrier APD before and after life testing. 


The free carrier profile in Figures 8 is similar to those reported by Aristin et. al. for a doped-barrier 
MQW APD structure [12], who stated that as the doping concentrations in the barrier increase, dark 
current increases and breakdown voltage decreases. In the present investigation, the free carrier 
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concentrations increased in doped barrier layers after life testing as well, resulting in comparable increases 
in dark current. 

From the results of the C-V measurements, it was hypothesized that during the life test, the thermally 
and electrically excited dopants obtain sufficient energy to migrate into the passivation layer, which caused 
an increase in free carrier concentration in this region. After entering the passivation layer, these dopants 
behaved similarly to positive surface charges. Because of the accumulation of positive charge, the 
depletion width was reduced and the electric field in the region where the p-n junction intersects the 
passivation layer was more intense. Dark current was increased by both the positive charge accumulation, 
as well as the intensified electric field in the narrow depletion region associated with the passivation layer. 
These increases accelerated the degradation of the device, eventually resulting in failure. The effect was 
more pronounced in the doped barrier devices since the observed shrinkage in the depletion region width is 
greater in these devices than in the doped-well APD. 

2.2. Parametric Yield Modeling 

Even in a defect-free manufacturing environment, random variations in the fabrication 
process will lead to varying levels of device performance. These manufacturing variations 
result from the fluctuation of various physical parameters (i.e., doping concentration, layer 
thickness, etc.), which in turn manifest themselves as variations in device performance metrics 
(such as gain or noise). This is due to the fact that these fluctuations influence the statistical 
distributions of device model parameters, which results in statistically varying performance 
characteristics in finished integrated circuits. Although small process fluctuations may not 
always cause catastrophic failures, they often prevent systems from meeting certain 
specifications. It is therefore crucial for circuit and device designers, as well as manufacturers, 
to account for statistical variations early in the design level, thereby aiding in production 
scheduling and planning. 
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This portion of the project developed a systematic methodology for modeling the 
parametric performance of GaAs MQW APDs. The approach described first requires a model 
which reflects the probability distribution of each of the relevant process variables. This 
model can be obtained directly from measured process data. A second model is then required 
to account for the correlation between this measured process data and device performance 
metrics. This can be derived either from the evaluation of analytical expressions relating 
process variables to performance or through device simulation. The availability of the above 
models enables the computation of the joint probability density function required for 
predicting performance using the Jacobian transformation method [13], which converts the 
process variable distributions to the device performance metric distributions. The resulting 
density function is then numerically integrated to determine parametric yield. Since they have 
demonstrated the capability of highly accurate function approximation and mapping of 
complex, nonlinear data sets, neural networks were used to generate these models [14]. 

2.2.1. Modeling and Simulation 

APDs were only available in a very limited supply in this study (about ten each for the 
doped barrier, doped well, and undoped structure), so a thorough parametric study of gain 
and noise in these devices required other data in addition to that available directly from 
measurements. The objective of APD simulation was to use simulated data as a supplemental 
aid to experimental data for understanding the effect of variations in manufacturing 
parameters on APD gain and noise. Accurate simulation required that measured output data 
first be sufficiently calibrated with the simulation tool. Simulation of APD operation was 
performed using the ATLAS II device simulation package [15]. 
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In the ATLAS II simulations, Newton’s two-carrier method is used for solving Poisson's 
and the continuity equations. Impact ionization is modeled according to Selberherr [16], 
Light I-V characteristics are modeled using a 1 mW/cm 2 monochromatic light source 
operating at 800 nm. From this simulation tool, dark current (Id), photocurrent (II), and 
impact ionization rates for electrons and holes can be calculated. The multiplication gain is 
then given by: 


M(V) = 


Un-MD. 


where I L o is the photocurrent at unity gain. The impact ionization rate ratio (k) is defined as 
the ratio of the electron to hole ionization rate (cxp/a,,). 


To simplify the models and to reduce program execution time, the following assumptions 
were made regarding the simulated structures: 1) all devices have a rectangular geometric 
configuration; 2) only SRH and Auger recombination is considered (optical and surface 
recombination are ignored); 3) the p and n contacts are perfect ohmic contacts; 4) doping 


imbalances in the MQWs are constant throughout the entire structure; and 5) the effect of 


bandgap narrowing in AlGaAs is similar to that in GaAs. Figure 9 shows that the simulation 
results for a 10-period, doped- well MQW APD. The simulated I-V data matched the 
experimental data quite well, indicating that device characterization could justifiably be 
performed using data simulated by ATLAS II as a supplement to experimental data. 
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Figure 9. Measured and simulated results of gain vs. breakdown voltage for 10-period, 

doped-well MQW APDs. 

The ATLAS II simulations were used to generate datasets to build neural network models 
which map the variations in device diameter, doping, and barrier width to device performance. 
Neural network modeling can be accomplished directly using the results obtained from the 
ATLAS II simulator. The use of neural networks to provide this mapping was motivated by 
the fact that neural net models can provide an accurate and efficient alternative to using 
ATLAS II directly. ATLAS II simulations typically took on the order of 30 minutes to run, 
whereas neural nets trained to mimic ATLAS provided results in fractions of a second. 

Several simulations were performed using a systematic experiment designed to achieve 
sufficient coverage of the input parameter space, and the results of these simulations were 
used to train a neural network to model gain and noise index as a function of device diameter, 
barrier width, and the mean and standard deviation of the barrier (or well) doping. The gain 
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index was defined as the area under the plot of gain versus reverse bias up to the breakdown 
voltage. The noise index was defined by the electron-to-hole impact ionization rate ratio. 

The four input factors varied in the gain and noise characterization simulations and their 
respective ranges of variation are shown in Table 5. These factors were selected due to their 
potential for variation in a manufacturing setting leading to possible impact on yield. The 
active diameter of an APD could vary due to photolithographic variations such as 
misalignment. The other three parameters (barrier width, mean doping, and doping standard 
deviation) are all subject to any fluctuations in the MBE system used to grow the APD 
superlattice. The ranges were selected to account for the variety of potential operating 
conditions used in device fabrication. 


Table 5 - Input Factors for Gain and Noise Characterization 


Parameter 

Values 

Active Diameter (D) 

75-130 pm 

Barrier Width (B) 

200-800 A 

The Mean doping (Dm) 

10 17 -10 18 cm' 3 

The Standard deviation of doping(Ds) 

10 l7 -10 18 cm' 3 


The choice of an appropriate experimental design to capture variation in gain and noise 
over these ranges is important for systematically collecting data to be used for subsequent 
modeling. For this type of computer simulation study, Conover and Beckman have 
recommended the uniform design concept inherent in the Latin hypercube sampling (LHS) 
technique [16]. LHS is an extension of a stratified sampling procedure in which each input 
variable has all portions of its range represented in the design. The LHS design used in this 
study required 17 trials (see Table 6). 
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Table 6: Latin Hypercube Sampling Experimental Design 


Run 

BIliHBI 

x 2 (B) [A] 

BciuaiimcsMi 


1 

103 

500 

5.5 

5.5 

2 

101 

360 

7.0 

6.4 

3 

123 

520 

6.4 

4.6 

4 

115 

280 

4.6 

4.0 

5 

104 

720 

2.8 

5.2 

6 

119 

590 

7.6 

8.2 

7 

97 

320 

8.8 

3.4 

8 

93 

480 

1.0 

7.0 

9 

86 

600 

4.0 

1.6 

10 

112 

640 

1.6 

8.8 

11 

82 

240 

5.2 

2.8 

12 

79 

680 

2.2 

5.8 

13 

126 

440 

3.4 

9.4 

14 

90 

760 

5.8 

10.0 

15 

130 

400 

9.4 

7.6 

16 

108 

200 

8.2 

1.0 

17 

75 

800 

10.0 

2.2 


Neural networks possess the capability of learning complex relationships between groups 
of related parameters [18]. Such learning capabilities are attributed to the fact that neural 
networks, possessing many simple parallel processing units (called "neurons"), crudely 
resemble the architecture of the human brain. The most popular method of training feed- 
forward neural networks is the error back-propagation (BP) algorithm. BP networks consist 
of several layers of neurons which receive, process, and transmit critical information regarding 
the relationships between the input parameters and corresponding responses (Figure 10). 
Each neuron contains the weighted sum of its inputs filtered by a nonlinear sigmoidal transfer 
function. These networks incorporate "hidden" layers of neurons which do not interact with 
the outside world, but assist in performing classification and feature extraction tasks on 
information provided by the input and output layers. Two BP neural nets have been trained to 
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predict APD gain and noise. Inputs to the gain and noise neural network models are the 
parameters listed in Table 5. 



Figure 10. Typical feed-forward neural network. 

2.2.2. Parametric Yield Prediction 

Usually, it is assumed that these manufacturing parameters in Table 5 will vary according 
to the normal distribution. However, this may not always be the case [19]. Several 
commonly occurring distributions in semiconductor device fabrication are shown in Figure 1 1 
These deviations from the ideal Gaussian shape can sometimes appear in IC fabrication. Each 
of these were considered as possible distributions in APD fabrication in order to accurately 
characterize fluctuations in parametric yield. 








Figure 1 1. Possible distributions occurring in semiconductor device fabrication. 

The histograms described above provide models of marginal probability density functions 
(pdfs) for each device parameter. These marginal pdfs are related to the joint probability 
density function for all parameters as follows [17]: 

Mx x )=[..]f(x u x lt ...,x n )dx n ...dx 2 >*») (3) 

*7 *m 

where fi(xi) is the marginal pdf for parameter xi and f(xi,X 2 ,...,Xn) is the joint pdf for n different 
device parameters. In this work, the x,'s are the manufacturing parameters. Multiple integrals 
of the joint pdf using Eqn. (3) provide probability information along several dimensions in the 
same way that integrating a marginal pdf gives the probability of finding a single variable in a 
given interval. 
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The joint pdf is found by determining the relative frequency of device performance along 
several dimensions. This is accomplished by partitioning the device parameter space into 
divisions with appropriate granularity, counting the number of devices in each category, and 
dividing by total number of devices measured. Then, the last step ensures that joint pdf is 
normalized. This procedure can be extended to as many dimensions as desired, and the 
resulting hypersurface likewise approximates the multidimensional joint pdf. 

Since the exact form of the manufacturing parameter distributions is difficult to predict, 
the assumption of normal behavior may be incorrect. To circumvent this difficulty, neural 
networks were used as a mechanism to encode the functional form of the overall joint 
parameter distribution directly from measured (or simulated) data. 

Once the joint pdf of the device parameters was computed, the next step was to derive the 
joint pdf for functions of these parameters. For example, if the joint pdf of active diameter 
(A) and barrier width (B) is known, we would like to use this information to calculate the joint 
pdf of device performance characteristics such as gain or noise index, since each of these 
performance measures is a function of A and B. Consider two sets of random variables Xj 
(representing the manufacturing parameters) and Y; (representing the performance metrics), 
where the Y/s are functions of the Xj's: 

x l =A,x 2 =B,y 1 =G;y 2 =N (4) 

The functional relationship between the manufacturing process variables and performance 

metrics can be expressed as: 

X. =#,(*..*2) 

y 2 =H 2 (x lt x 2 ) 
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( 5 ) 



where Hi and H2 are continuous, differentiable functions. Now xi and X2 can be solved in 
terms of yi and y2 to obtain: 

*i = G } (y t ,y 2 ) (6) 

x 1 =G 2 (y l ,y 2 ) 

where Gi and G2 are also continuous and differentiable. The joint pdf of random variables Yi 
and Y 2 , u(yi,y 2 ), is given by: 

«(t. > y 2 ) = /(*. » )k' . y 2 )| (7) 

where f(xi,X2) is the joint pdf of xi and X2, and J(yi,y2) is the Jacobian transformation. The 
Jacobian is given by the following determinant: 


Ay x ,y 2 ) 


dX\ dx ] 

<bx dy 2 

dx 2 dx 2 

<ty\ <ty 2 


( 8 ) 


Recall that the joint pdf of the manufacturing parameters, f(xi,x 2 ), is available from the 
previously obtained neural network models of the joint parameter density. 

Once u(yi,y 2 ) has been calculated from Eqn. (7), then the marginal densities of the device 
performance metrics (gain index or noise index) is calculated as follows: 

AC^i) = 

(9) 

I 2 (y 2 ) = J u{y x ,y 2 )dy^ * 'T.uiy^) 

y\ 


where Ii(yi) and h(y 2 ) are the marginal pdfs of the performance characteristics and the 
numerical integration is performed using the trapezoid rule. The parametric yield of the circuit 
with respect to a given performance measure is then derived from the marginal pdfs as: 



a 



k(b - a)^ 
n ) 


+/,(«• 


(* + !)(& -a) 

n 



( 10 ) 
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where a and b represent the limits of integration surrounding regions of interest and PY* 
provides the probability of the device satisfying a particular performance criterion. To 
evaluate this integral numerically, the interval [a,b] is divided into n distinct segments. Using 
this methodology, the parametric yield of gain or noise can be predicted based on the variation 
of the manufacturing parameters. 

2.2.3. Results and Discussion 

The neural network models for gain and noise index were established from 17 ATLAS II 
simulations from the LHS design. Two three-layer neural networks with four inputs, five 
hidden neurons, and a single output were used. The networks were trained using ObOrNNS 
("Object-Oriented Neural Network Simulator). Prediction errors for each model were 
evaluated using a validation set consisting of four randomly selected runs from the LHS 
design. The training errors were 1.3% and 1.0%, respectively, and the prediction errors were 
1.8% and 3.2%, respectively. 

Based on the results of the neural network modeling, the effect of the various 
manufacturing parameters on gain and noise index can be quantitatively investigated. Figure 
12 shows 3-D contour plots of gain and noise index versus active diameter and the mean value 
of the doping concentration. In each case, barrier width and the standard deviation of doping 
concentration remain constant at their mid-range value. It is evident that increasing the mean 
doping concentration results in higher gain. In addition, increasing the active diameter of the 
APD along with the mean doping concentration results in a higher noise index. These results 
occur partly due to the fact that increasing the doping concentration can cause more carrier 
multiplication during the avalanche process, which can increase impact ionization rate ratio 
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(k). As k increases, both the gain and noise index increase as well. These results are in 
agreement with experimental measurements performed by Aristin, et al. [12]. 



(») 0 ») 


Figure 12. Contour plots of neural network models of: (a) gain index and (b) noise index 
as a function of mean doping concentration and device diameter. Barrier width 
and doping standard deviation are set to their mid-range values. 

In addition to the above models, "inverse" neural network models are also needed for 
calculating the parametric yield using the procedure described above. These inverse models 
have been constructed by simply training a network with four inputs (gain index, noise index, 
and two "dummy" variables) and four outputs (the process parameters in Table 5). The two 
"dummy" variables are not directly involved in the parametric yield calculations, but are 
necessary to derive a proper Jacobian determinant [20]. 

To construct a joint density function for the four processing parameters, four different 
statistical distributions from those shown in Figure 1 1 were selected, and random numbers 
were generated according to these four distributions using MATLAB. The arbitrarily selected 
distributions were the bell-shaped, truncated, plateau, and combed distribution for device 
diameter, barrier width, mean value of doping concentration, and standard deviation of doping 
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concentration, respectively. Using data derived from these distributions as training data, a 
back-propagation neural network with a 4-9-1 (input-hidden-output) architecture was used to 
model the joint density function for all four input variables. To verify this model, the marginal 
density functions for each input variable were reproduced as shown in Figure 13. As this 
figure shows, the marginal distribution of each input parameter was well-matched with the 
neural network predictions. 


Solid line: Neural Network Output 
Dotted line: Input Parameter Distribution 



Doping(moan) [10o17 cm-3] 




Doping(std) [unities a] 


Figure 13. Predictions of joint pdf neural network model. 

To calculate the parametric yield using the joint density function, the Jacobian determinant 
must be calculated. The derivatives required for the Jacobian matrix were estimated using a 
difference equation which computes the change in the input quantity with respect to a 5% 
deviation in the output parameter of interest. Following the computation of the Jacobian 
determinant, parametric yield may be calculated using Eqn. (7). Figure 14 shows the resulting 
distribution of gain and noise index. 
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Figure 14. Final distributions of gain and noise index. A 1 -a confidence interval has 
been indicated on the Monte Carlo result using considering different 
distributions (which are the target values). 

To validate this approach, these results can be compared with the Monte Carlo method. 
Toward that end, simulations consisting of 20,000 randomly generated instances of data were 
used to calculate parametric yield using the Monte Carlo technique. These randomly 
generated data sets were fed into the neural network models for gain and noise to calculate 
the device response. Using the output of the neural network model for each instance of input 
data, the distribution of gain and noise can be calculated. Two different Monte Carlo 
simulations were performed. The first approach assumed that all input parameters were 
independent and normally distributed, ignoring any correlations which might exist between the 
input parameters. The second Monte Carlo simulation, however, made use of the different 
input distributions provided in Figure 13. The Monte Carlo results are also shown in Figure 
14. 

As expected. Figure 14 shows that the Monte Carlo method performed without 
considering the variety of input parameter distributions cannot predict parametric yield 
accurately. For example, if the multinormal Monte Carlo approach is used, the number of 
devices achieving a gain index between 45-47 is severely overestimated. Likewise, the number 
of devices with a gain index from 47-49 is underestimated. In either case, this approach gives 
misleading information about the effect of the APD manufacturing parameters on device 
performance. 

On the other hand, the newly proposed methodology for parametric yield calculation is 
comparable to results achieved using the Monte Carlo method that does consider different 
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(and potentially correlated) input distributions, but with significantly fewer simulations. 
Although some computational overhead is incurred in deriving the neural network pdf and 
jpdf models (on the order of a few hundred simulations for generating the forward and reverse 
neural network models and for performing the Jacobian transformation numerically, depending 
on the granularity of the jpdf model), these models only need to be derived once. In contrast, 
the Monte Carlo procedure will always require a large number of simulations. Furthermore, it 
is also asserted here that since the Monte Carlo method uses the same distribution for each 
input parameter and does not account for possible correlations between parameters, some 
degree of accuracy is inherently lost. By modeling the input pdfs and their joint pdf directly, 
the proposed method overcomes this shortcoming. 

3. Impact 

This portion of the HDTV project has first provided accelerated life tests of doped-barrier, 
doped-well, and undoped AlGaAs/GaAs multiple quantum well avalanche photodiodes from 
the viewpoint of evaluating long-term reliability. From the life test results, the activation 
energy of the degradation mechanism and median lifetime of these devices was determined. 
Using the ANOVA technique, a comparison of the reliability of the various APD structures 
was then undertaken. Based on this investigation, it was concluded that the doping process 
used in the multiple quantum well APD fabrication has a significant effect on device reliability. 
The undoped APD structure yielded devices that exhibited the highest reliability, followed by 
the doped well and doped barrier devices, respectively. Subsequent failure analysis using the 
SEM and EBIC methods clarified that the dark current increase was in part brought about by 
the presence of ionic contaminants in the passivation layer at the junction perimeter that 
generate a leakage path which shorts the junction under the effect of electric field. EDS 
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analysis identified the primary contaminant as ionic sodium. In addition, dopant migration 
under stress was theorized as a means to explain the observed reliability differences between 
the device structures. This dopant migration was investigated using C-V measurements, 
which verified that the redistribution of free carriers after stress is indeed a plausible 
explanation for reliability differences. 

This effort has also provided a systematic methodology which uses the unique capabilities 
of neural networks to model the parametric performance of GaAs MQW APDs. It was shown 
that using a small number of test devices enables accurate prediction of the expected 
performance variation of APD gain and noise in larger populations of devices. The 
methodology presented could also be utilized in other high-volume manufacturing 
applications. This approach could thus provide device designers with the ability to understand 
the manufacturability of various design options and enables process engineers to determine the 
consequences of process modifications. This will potentially allow parametric yield estimation 
prior to high-volume production in order to evaluate the impact of design decisions and 
process capability. 

4. Students 

Dr. Ilgu Yun graduated in December, 1997. Dr. Yun is currently with the Electronics and 
telecommunications Research Institute in Korea. 

5. Future Work 

Neural network modeling for parametric yield of GaAs MQW APDs has been 
accomplished in this project. However, it was a nontrivial effort to obtain the inverse 
neural network models required for estimating the parametric yield based on device 
lifetime. Usually one hidden layer is enough to build a neural network model, but two 
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hidden layers were required to build accurate models for device lifetime modeling. One 
task that needs to be performed in the future is neural network model optimization. 
Genetic algorithms have been successfully used for parameter optimization of neural 
networks and recipe synthesis in semiconductor manufacturing process [21]. Thus, if 
genetic algorithms are applied for neural network optimization in this application, more 
accurate and efficient neural network models should be achieved. 

Another task to be pursued in the future is to utilize the methodology for calculating 
parametric yield described in this thesis to semiconductor devices fabricated by other 
certain manufacturing processes. For instance, parameter variation for the high electron 
mobility transistor (HEMT) fabricated by MBE can be investigated using this 
methodology. 

In addition, this methodology can also be applied for modeling circuit performance. 
For example, the parameter variation for CMOS circuit can be predicted using this 
approach. The circuit variables can be modeled by measured data or SPICE circuit 
simulations. It was shown that this approach is superior to the prevailing Monte Carlo 
method by reducing the computation load and relaxing the assumption of a specific 
statistical distribution. If parametric yield prediction for newly developed circuits using a 
given manufacturing process is needed, this new methodology can predict parametric yield 
with a small number of test structures prior to high-volume manufacturing in order to 
evaluate the impact on manufacturability of both design specifications and process 
capability. 
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SECTION IV: 

THEORY AND MODELING OF 
ACT IMAGER CHIP 




Final Report - NASA HDTV Project 
Principal Investigator: Prof. Kevin F. Brennan 
Affiliation: School of ECE, Georgia Tech 

L Accomplishments 

Prof. Brennan coordinated the theoretical and modeling effort for the project. The 
main mission of the theory and modeling group was to assist in the design, optimization 
and evaluation of each component of the imager chip. It is first useful to outline the 
design of the ACT imager chip. The chip can be divided into three different components. 
These are 1) the image capture component, 2) charge accumulation and storage 
component, and 3) the ACT readout mechanism. During the course of this project, the 
theory and modeling team made important seminal contributions to each of these three 
parts of the design. In this section, we review the theory and modeling work performed 
on each of these components of the HDTV imager chip. 

A. Image Capture Component 

We examined two general image capture devices. The first and most important 
device considered was an avalanche photodiode, APD. An APD is particularly attractive 
to HDTV imaging since it provides internal gain necessary in overcoming the noise of the 
following electronics in the camera. As is well known, an APD provides gain through 
carrier multiplication via impact ionization events. Accurate modeling of an APD thus 
requires accurate modeling of impact ionization. Much of the early work on impact 
ionization was based on simplified analytical models of the process. Though these 
techniques were found to be useful in some instances, they have limited validity. More 
advanced numerical models of impact ionization are necessary to render an accurate 



accounting of the mechanism. For this reason, during this project, we developed new, 
numerical techniques for determining the impact ionization transition rate. 

The first approach adopted in our work to improve the formulation of the impact 
ionization transition rates was to perform a numerical calculation of the rate. We 
calculated the interband impact ionization transition rate for both silicon [1] and GaAs 

[2] . The full details of the analysis are discussed in references 1 and 2 and are included at 
the end of this report. The salient features of the technique and our results will 
nevertheless be discussed here for completeness. The transition rate was determined 
using Fermi’s golden rule from a two-body screened Coulomb interaction assuming 
energy and momentum conservation. The transition rate was calculated by numerically 
integrating the over the full Brillouin zone including the full details of the band 
structures. It was found that the transition rate depends strongly on the initiating electron 
wavevector and that the transition rate is greatest in both silicon and GaAs for electrons 
within the second conduction band as compared to the first conduction band. Though this 
approach is highly accurate, it is numerically intensive requiring significant 
computational resources. In order to find a more computationally efficient algorithm we 
examined an alternative approach by which the computational demands of the fully 
numerical formulation can be mitigated yet high accuracy can be retained. 

A modified analytical relationship for the impact ionization transition rate that 
includes the effects of the band structure for the initial state known as the Quade formula 

[3] was then examined. We succeeded in rederiving this formulation and in comparing its 
predictions to those made using either a more simplified model, the Keldysh formula, or 
numerical techniques. The results of our investigation are reported in reference [4] which 



is included at the end of this report. It was found that the Quade model overcomes some 
of the limitations of the Keldysh formula and the numerical methods but at the expense of 
new parameterization. It was determined that the Quade model can qualitatively 
reproduce results similar to those obtained with the numerical model yet with far greater 
computational efficiency. Nevertheless, there exist some important limitations to the 
Quade formulation. These are that it does not accurately reproduce the quantum yield 
data for bulk silicon, it requires determination of a new parameter, related physically to 
the overlap integrals of the Bloch states which can only be adjusted by comparison to 
experiment, and fails to account for any wavevector dependence of the overlap integrals. 
As such we determined that use of the Quade formula is not justified in most situations. 
Instead, it is necessary to proceed with numerically generated values for the ionization 
transition rates. 

On the basis of the above calculations, we were then able to refine our models for 
impact ionization and incorporate these into device simulators to study APD device 
performance. The simulators were then used to design and optimize different APD 
designs. Using these simulation tools, we designed a new APD structure, the delta- 
doped p-I-n quantum well APD. The full details of the device and its predicted workings 
are described in the paper of reference [5]. This new structure and its earlier derivatives 
[6] formed the basis for the light capture component for the ACT imager chip. Thus the 
theory and modeling effort produced a new APD design and assessed its working 
capabilities. 

In addition to our work on APD structures, we also examined the workings of 
metal-semiconductor-metal, MSM, photodetectors as possible candidates for the 



photodetector stage of the device. The results of our investigation are discussed in detail 
in references [7-9] which are enclosed at the end of this report. Our work on this portion 
of the project centered on developing a detailed model and utilizing it to determine the 
workings of an MSM device. We explored different designs utilizing GaAs/AlGaAs and 
Gain As/ Alin As. Varous structures were examined and compared in terms of their 
frequency response and responsivity. 

B. Charge Accumulation and Storage Component 

The second component within the ACT imager chip is the charge accumulation 
and storage device. In the present design we considered storing the accumulated charge 
within an open circuited APD device. The basic operation is as follows. The APD is 
configured in the charge storage mode where the device can collect charge over the entire 
integration period rather than just during the short sample/read-out time. In this mode the 
diode is initially biased to a potential somewhat below the breakdown voltage yet high 
enough that impact ionization is prevalent. Following the reset period the external bias is 
removed, the diode is physically isolated from the circuit and, over time, recovers back to 
equilibrium. The diode recovers to equilibrium through a combination of effects such as 
generation, capture of signal and background radiation, and leakage to the external read- 
out circuit. During the first stage of recovery, the charge added to the diode can be 
multiplied within the high-field depletion region of the device and is stored within the 
internal capacitance of the junction. We have examined the operation of an APD in the 
charge storage mode using our advanced numerical simulator. The results of that 
investigation are reported in reference [10] which is enclosed at the end of this report. 
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We investigated the behavior of silicon based APDs operated in the charge 
storage mode. The different issues investigated included the device sensitivity to the 
input photo-current including the self-quenching of the diode and its limitations in 
sensing low light levels, the dependence of the response on the bulk lifetime and hence 
on the generation current within the device, the initial gain, transient response, 
dependence of the device uniformity upon performance, and the quantity of storable 
charge within the device. Based on these calculations, we provided insight into possible 
APD charge storage devices that could be then integrated with an ACT readout device to 
provide full functionality. In the next section, we discuss our theoretical work on 
developing the ACT readout device. 

C. ACT Readout Architecture 

The final component within the ACT imager chip is the ACT readout device 
itself. After the light has been detected and converted into charge, accumulated and 
stored for a specified time, it must then be readout for image processing. In most arrays, 
charge readout is accomplished using a CCD shift register. Increased resolution of a CCD 
array requires an increased number of elements. As the number of devices increases 
within a CCD array, the charge transfer efficiency must increase to ensure adequate 
charge at the output of the array. This places a severe constraint on the quality of each 
individual device within the CCD array. To overcome this limitation, we proposed to 
transfer charge using an ACT device. The goal of the theory and modeling part of the 
program was to design an ACT device for charge transfer and aid the experimental 


realization of the structure. 



In order to handle an ACT device, the modeling tools had to be reconfigured to 
include the potential created by the surface acoustic wave. In addition, complications due 
to mixed boundary conditions on the surface needed to be addressed. Specifically, the 
mixture of Dirichlet and Neumann boundary conditions on a single surface had to be 
developed. The details of our approach were published in reference [11] which is 
enclosed at the end of this report. 

The modified simulator was then used to study a heterojunction ACT device. The 
full details of the analysis were published in reference [12] which is enclosed at the end 
of this report. The structure we envisioned utilizes a p-n junction to deplete the surface 
layer to support the surface acoustic wave. The usage of the top junction as the channel 
depletion mechanism makes the device insensitive to the residual surface state density, 
thus providing a more robust design. The calculated results indicate that an order of 
magnitude enhancement in charge capacity is possible using this new structure. Transfer 
efficiency calculations for several different lifetimes in the transport layer show high 
efficiency values, greater than 7 9’s efficient with a Shockley Read Hall lifetime of 10 ns. 
These calculations provided the basis for further experimental work. 

II. Impact 

In addition to the 12 refereed journal papers published by the theoretical group 
under this program, we have developed an extensive device simulation tool. The full 
details of its operation have been disclosed in references [13 and 14]. This device 
simulation tool is the first of its kind to include a nonparabolic energy band structure 
within a hydrodynamic simulation. Additionally, we have invented some new device 
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structures. These are the delta doped, quantum well APD device and the pn-np ACT 
device. Both structures have great potential for advanced device operation. 

III. Students Graduated 

Ali F. Salem - Ph.D. Spring 1995. Currently at Conexant, Newport Beach, CA. 

Joseph Parks, Jr. - Ph.D. Summer 1997. Currently at Intel Corp., Beaverton, Oregon. 
Postdoctoral Assistant - Dr. Arlynn Smith, Currently at ITT Optoelectronics, VA. 

IV. Future Work 

Though much work has been accomplished during this project, there remains 
much to do. One of the basic problems encountered during the course of this project was 
the reliability and robustness of each component. It is fairly well known that APDs are 
notoriously unreliable. Therefore, an array of APDs is not likely to function well. To this 
end, we have been working at improving the reliability of APD structures. We have 
recently invented a new procedure by which edge breakdown can be eliminated without 
the use of guard rings. This procedure we believe will be of great value in developing 
APD arrays that could then be used to form an imaging chip. Extensive work remains to 
analyze and develop these new APD structures. 
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I. INTRODUCTION 

The impact ionization process is very important to the 
study of modem semiconductor devices, such as avalanche 
photodetectors, in which gain is provided by earner^- 
tiplication. In these devices, the most common impact ion- 
ization mechanism present involves an intcrband transi- 
tion For an interband ionization event to occur, t 
initiating carrier must achieve an energy greater or equal to 
the energy band gap as measured relative to the band edg , 
due to energy conservation. Subsequently, a theory o t e 
ttan d impact ionization process must nec^mly »d; 
dress the physics of high energy earner transport. As 
well known, at high carrier energies most of the usual ap- 
proximations and assumptions, i.e., relaxation time ap 
proximation, effective mass approximation, etc. are no 
longer valid. As a result, it is extremely difficult to fashion 
a first principles theory of impact ionization since it 
quires dispensing with virtually all of the standard ap- 
proaches to semiconductor device modeling andjalys.s^ 
The first attempts at formulating a theory P 
ionization were, out of necessity, greatly simplified. . Nev- 
erthdess the early theories 1 ' 3 provide a useful guide for 
understanding the underlying physics of the impact ioniza- 
tion process. The theories of Shockley 1 and Wolf? outline 
opposite and extreme descriptions of the manner by whi^ 
a carrier achieves sufficiently high energy af 
impact ionization event can occur. This energy is often 
referred to as the threshold energy. The SbocUey thwry 
assumes that the only ionizing earners are those whic 
sufficiently “lucky” to drift to an energy greater than or 
" the threshold energy without experiencing any 
energy relaxing collisions. Conversely, the Wolff theory 
predicts that ionization events occur after a “^"^ 3 

many collisions while drifting upwards in energy Baraff 
later formulated a more complete picture of the impact 


ionization process by combining the salient features of the 
Shockley 1 and Wolf? theories. Though Baraff s theory pro- 
vides better agreement with realistic systems, it neverthe- 
less fails to predict the impact ionization rate without re- 
course to the use of adjustable parameters which can not be 
reliably determined except through comparison to an ex- 
periment. As a result, the Baraff theory cannot predic 
from first principles the impact ionization rate. 

In order to progress beyond the limitations imposed by 
analytical theories, i.e., their reliance on such assumption 
as the effective mass and relaxation time approximations, 
numerical theories of impact ionization have been pro- 
posed These theories 4-6 are based on the numerical solu- 
riSi of the Boltzmann equation through the Monte Carlo 
Striend include full deuils of the band £ 

well as the phonon scattering rates at high energies. Al 
though the Monte Carlo method provides a rigorous de- 
termination of the distribution function, most P^ent ap- 
proaches fail to provide a truly first principles calculation 
of the impact ionization rate owing to their reliance on a 
£ 2 * *«■ tho impac. ionuutuon tta 

tion rate , 7 called the Keldysh formula. The use of the 
Keldysh formula, though universally accepted. Knot to- 
tally Lisfactory since it is derived assuming 
ergy bands, contains two parameters which must be dete 
mined empirically, fails to account for any possible wav 
vector dependence (k dependence) of the rate, and 1 
termined to only first order in time dependent pe^bation 
theorv Owing to its reliance on empirically determined 
parameters, the use of the Keldysh formula is limited to 
Eng oily those materials for which the electron and 
hole impact ionization rates have already been «penm 
tally determined. Therefore, a simulator which rncoipo- 
nt.es the Keldysh tattle is of limited usefuta when 
investigating the behavior of materials and devices com 
prised of technologically immature materials systems for 
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* which no reliable experimental data of the ionization rates 
are available. 

The first attempt to improve the impact ionization for- 
mulation was provided by Kane. 8 In Kane’s formulation 
the pair cross section for the impact ionization transition 
rate in bulk silicon is calculated using pseudopotential gen- 
erated energy bands and wave functions. Kane compared 
the transition rate calculated assuming momentum conser- 
vation as well as a random k approximation in which mo- 
mentum conservation is effectively ignored. Interestingly, 
he found reasonable agreement in the calculated transition 
rates averaged over energy in either approach. In other 
words, if the transition rate is determined by averaging 
over a suitable set of wave vectors (k vectors or k states) 
for a given energy then the k dependence is effectively 
averaged out. Nevertheless, the transition rate at any one 
initial k state may be quite different from that at another k 
state of comparable energy. More recently, Sano et a /. 9,1 ° 
and Bude and Hess 11 have investigated the threshold en- 
ergy in silicon and GaAs. Their work indicates that the 
threshold is highly k dependent and that the relative soft- 
ness of the threshold originates from the k dependence of 
the impact ionization transition rate. 

New theories have examined the impact ionization 
transition rate semiclassically 11 and with a more complete 
quantum mechanical picture. 12-14 These works have 
greatly improved the understanding of impact ionization 
by demonstrating that the threshold energy is always rel- 
atively soft owing to energy broadening effects from the 
electron-phonon interaction. Bude and Hess 11 have shown, 
using a Kane-like calculation, that the ionization rate does 
not necessarily truncate the high energy tail until very high 
energies are attained. In other words, some of the electrons 
can survive to relatively high energies before undergoing 
impact ionization, in contrast to a hard threshold model. 

In this article, we calculate the impact ionization rate 
in bulk silicon using a semiclassical model much like that 
employed by Kane 8 and Bude and Hess 11 but do not aver- 
age the transition rate over the energy. Instead, we calcu- 
late the electron impact ionization transition rate at differ- 
ent k points for a mesh incorporated within the first 
Brillouin zone. Our approach is similar to that employed 
by Yoder et a/. 14 In their work, Yoder et a/. 14 further in- 
clude a formulation of the phonon scattering rate with the 
same pseudopotentials used for calculating the band struc- 
ture. However, Yoder et aO A do not report either the ion- 
ization transition rate or the overall impact ionization rate 
calculated using their model, only the average electron en- 
ergy as a function of electric field. As such it is difficult to 
compare to their theory. The k-dependent impact ioniza- 
tion transition rate mesh is included within an ensemble 
Monte Carlo simulator 15,16 which contains the full details 
of the first two conduction bands in silicon. The calcula- 
tions are compared to both experimental measurements as 
well as other theoretical calculations. The details of the 
transition rate calculation are reviewed in Sec. II along 
with the salient features of the Monte Carlo model. Calcu- 
lated results are presented in Sec. Ill and conclusions are 
drawn in Sec. IV. 


TABLE I. Materia] parameters for bulk silicon simulation (top) and 
intervalley coupling constants and phonon energies (bottom) * 


Parameter 

Value and units 

Density* 

2.329 g/cm 3 

Lattice constant* 

5.43 A 

Energy gap* 

1.12 eV 

Dielectric constant (relative)* 

11.7 

Effective masses (relative) 


L valley* 

0.284 

X valley* 

0.321 

Heavy hole b 

0.537 

Light hole b 

0.153 

Split-off hole b 

0.234 

Valley separation energies c 


*XL 

0.8 eV 

Ajrr 

2.3 eV 

Acoustic deformation potential* 

9.0 eV 

Optical phonon energy* 

0.063 eV 

Sound velocity* 


Longitudinal 

9.04 X 10 5 cm/s 

Transverse 

5.34 x 10 5 cm/s 

Phonon temperature 

Deformation Scattering 

(K) 

potential (eV/cm) type 

220 

3 X 10 7 f 

550 

2x10* f 

685 

2x10' f 

140 

5X10 7 g 

215 

8xl0 7 g 

720 

1.1 X 10’ g 

672 

2X10* 

XL 634 

2x10' 

480 

2X10' 

197 

2x10* 


‘Reference 16. c Reference 20. 

Reference 17. d Reference 18. 


II. MODEL DESCRIPTION 

The total impact ionization rate is calculated by in- 
cluding a numerically determined semiclassical impact ion- 
ization transition rate into an ensemble Monte Carlo 
model. The carrier histories within the Monte Carlo sim- 
ulator are traced in three dimensions in both real and k 
space. The details of the Monte Carlo model employed in 
this study have been exhaustively presented elsewhere. 15,16 
The full details of the band structure are included in the 
Monte Carlo model. 15,16 The method by which phonon 
scattering is accounted for is described below. The param- 
eters used for the calculation of the scattering rate in sili- 
con are presented in Table I and have been taken from 
Refs. 17-19 as marked in Table I. 

The important feature employed within the present 
model is the use of a k-dependent impact ionization tran- 
sition rate. The impact ionization process is treated as an 
additional scattering mechanism in the Monte Carlo pro- 
gram. The manner in which the transition rate is calculated 
can be summarized as follows. The transition rate is cal- 
culated assuming that a target electron is always available 
in the valence band, the final states are always empty (non- 
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degenerate conditions) and Fermi’s golden rule applies 
as, 20 




( 1 ) 


where dS f , as in Ref. 20, represents integration over all the 
final states. The matrix element, M, is taken to be a 
screened Coulomb interaction between two electrons an 
can be expressed as 


m= 7v i 


( 2 ) 



where k, and k; are the k vectors corresponding to the 
incident electron both before and after the interaction, re- 
spectively, and k 2 and kj represent the target electron k 
vectors both before and after the collision. The quantities 
I(k„k;> and I(k 2 ,k;), are overlap integral 
static screening factor. Following the approach of Ridley, 
we assume q 0 to be the inverse Debye length. 

The transition rate is evaluated numerically by inte- 
grating Eq. (1) with Eq. (2) over the full Bnllouin zone. 
The overlap integrals used in the calculation are deter- 
mined by diagonalizing a 15x15 k-p Hamiltonian. The 
parameters used within our k • p calculation are the same as 
those reported in Ref. 21. The transition rate needed here 
requires that its absolute magnitude be determined^ As 
such, the delta function must be properly normalized by 
ensuring that its integration alone always yields one. T e 
overlap integrals in the matrix element are determined us- 
ing k-p generated wave functions. The values of the over- 
lap integrals obtained are in excellent agreement with those 
determined by Burt et al.» The transition rate is deter^ 
mined for each mesh point within a finely spaced, 916 
point k space grid spanning the reduced zone of the first 
Brillouin zone which is consistent with the g™ 1 spacing 
used in Ref. 5 for determining the energy. Additional 
points are also used for interpolation purposes raising the 
total number of points at which the transition rate is cal- 
culated to 1419. The transition rate is calculated for both 
the first and second conduction bands at each mesh point. 
Several million final k points are sampled in order to en- 
sure good convergence in the integration. The numerically 
generated grid is used to determine the impact ' 
transition rate for the electrons as they drift t^migh the 
crystal. During the course of the simulation, after ea 
drift, the electron’s energy is first checked to see if it ex- 
ceeds or equals the energy gap. If the electron energy is less 
than the energy gap, it cannot undergo an ‘“paet jomza- 
tion event and the ionization transition rate is simply zero 
for that electron. The probability thatthe electron^ scatter 
is then found in the usual manner. 4 5 When an elytron has 
energy equal to or greater than the energy gap, the loniza- 
Station nteis determined from use of the k spaoe 
grid. The electron is located by its k vector within some 
subvolume of the k space grid. If the ionization transition 
rate is nonzero for all of the mesh points surrounding the 
given k vector then the transition rate for that particular 
electron is determined by interpolating linearly tween 


HG. 1. Calculated intertwnd impact ionization transition ™ te ™ t |™ the 

K hdd d S n .lTa diapw 

Sre, we have chosen to represent these points as havrng a munmutn 
transition rate for convenience. 

the values at each mesh point. If one or more of the J™** 1 
point values of the transition rate is zero, then the tra 
tion rate for the desired k vector is chosen equal to that of 
the nearest k point. The impact ionization transition rate 
determined in this manner is then added to the total p 
non scattering rate corresponding to the energy of the elec- 
tron. As in standard Monte Carlo algorithms, a random 
number is thrown to determine if the carrier is scattered 
Given that a carrier has scattered, another random number 
is chosen to determine the particular event that occurs ou 
of all of the possible events, phonon scatterings, and impact 

The calculated interband impact ionization transition 
rate for the first and second conduction bands of silicon as 
a function of k, and k, holding k z fixed at 0.0 is presen ed 
in Fis-s. 1 and 2. As can be seen from these figures, the 
transition rate is substantially higher for electrons origi- 
nally confined within the second conduction band than the 
first conduction band. The maximum transition rate over- 
all is larger than 10* 3 1/s but less than 10 t/s for the k 
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FIG. 3. Calculated electron-phonon scattering rate in bulk silicon as a 
function of electron energy. The scattering rate is calculated including the 
first two conduction bands. The low energy scattering rate is determined 
using Fermi's golden rule and the parameters listed in Table I. The high 
energy scattering rate is directly proportional to the final density of states. 
The two peaks which appear in the diagram are due to peaks in the 
density of states of the first two conduction bands. 


points considered here. Notice that the transition rate for 
electrons confined within the first conduction band does 
not exceed 10 13 1/s and is typically much less than 10 13 
1/s. This is apparently in agreement with Bude and Hess 11 
who found that the transition rate is substantially lower 
than the corresponding phonon scattering rate in general. 

During the course of the Monte Carlo simulation, the 
electrons can move between the two conduction bands only 
as a result of a scattering event; interband tunneling tran- 
sitions are not included in the simulation. The manner by 
which the carriers change bands can be explained as fol- 
lows. An array of possible k states in each band, ordered by 
increasing energy, is first generated. Each array element 
contains the k vector, energy, and band index of the state. 
After a phonon scattering event, the final state is selected 
stochastically from the sorted array in accordance with the 
physics of the particular scattering mechanism present. 
Typically, at high electron energies, the phonon scattering 
events are predominately deformation potential scatter- 
ings. For simplicity, it is assumed here that the deforma- 
tion potential scatterings have no angular dependence 
which is the standard assumption. More refined theories of 
deformation potential scattering 14 indicate that they might 
show some angular dependence. The high energy phonon 
scattering rates, in our calculation, are taken then to be 
proportional to the total density of final states, including 
both conduction bands. 11 Therefore, an electron originally 
confined within band 1 can be scattered into band 2 if band 
2 overlaps band 1 at an energy corresponding to the final 
state energy. In this way, interband transitions can be au- 
tomatically accounted for in the simulation. 

The total phonon scattering rate as a function of elec- 
tron energy is plotted in Fig. 3. The low energy scattering 
rate is calculated from Fermi's golden rule using the pa- 
rameters specified in Table I. The scattering mechanisms 
included and their formulations were taken from Ref. 23. 
At high carrier energies, the phonon scattering rate is as- 



FIG. 4. Calculated and experimental results for the electron impact ion- 
ization rate in bulk silicon plotted as a function of inverse electric field. 
Calculations of the ionization rate including the Keldysh formula as well 
as the k-dependent model are presented. 

sumed, as stated above, to be dominated by deformation 
potential scattering. The scattering rate at these energies is 
determined by directly integrating over the final density of 
states calculated from the numerically generated band 
structure including collision broadening. Collision broad- 
ening of the final state is treated following the approach of 
Ref. 24. A single deformation potential constant is selected 
in order to match the scattering rate calculated from Fer- 
mi's golden rule at 0.4 eV. Subsequent calculations of the 
steady-state drift velocity show good agreement with the 
experimental saturation carrier drift velocity in bulk 
silicon. 25 Inspection of Fig. 3 shows that the phonon scat- 
tering rate exceeds 10 14 1/s. Comparison of the phonon 
scattering rate and the impact ionization transition rate 
shows that for most points within the reduced zone, the 
phonon scattering rate is substantially higher than the im- 
pact ionization rate. 

III. CALCULATED RESULTS 

The calculated impact ionization rate using the k de- 
pendent formulation as a function of inverse applied elec- 
tric field is plotted in Fig, 4 along with the experimental 
measurements of Overstraeten et a/., 26 Grant, 27 and Woods 
et aL n Although other experimental data exist, these data 
comprise a representative set and bracket the range of ex- 
perimental measurements. As can be seen from Fig. 4, the 
k dependent calculations match best to the low range of the 
experimental data, those of Woods et a£, 28 throughout the 
range of applied electric field strengths considered here. 
Additional calculations using the Keldysh formulation for 
the impact ionization transition rate within the otherwise 
identical Monte Carlo model are included for comparison. 
The calculations using the Keldysh formula, with the par- 
ticular choice of p and E& chosen here, show better agree- 
ment with the higher range of experimental measurements, 
those corresponding to Grant, 27 particularly at lower elec- 
tric field strengths. The choice of p and used in the 
Keldysh formula are 0.01 and 1.13 eV, respectively. The 
value of 0.01 for p is in the range of values which typically 
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overall trend is apparent. 

correspond to a soft threshold condition. It should be 
noted that the Keldysh formula calculations could be fine 
to the lower ionization rate data just as easily by changing 
the parameters p and E th - Little new information about the 
nature of the threshold, i.e., softness or hardness, would be 
obtained by doing this however since the parameters w 
change relatively very little. Therefore, we have chosen the 
results reported here just to illustrate the order of magni- 
tude of p that the Keldysh formula predicts within this 

specific Monte Carlo model. . ■ r 

The average energy of the electrons as a function of 
applied electric field for both models is plotted in Fig. 5. As 
can be seen from the figure, the average energy of the 
electrons is quite high increasing to almost L6 eV at an 
applied field of 500 kV/cm. This implies that the threshold 
Exceedingly soft, in that many of the electr^ssumve to 
energies well above the band gap energy before imp 

ionizing, in good agreement with th * re i at ively 

and Hess." As discussed by Bude and Hess, the relatively 
weak ionization transition rate fails to truncate the electron 
distribution function at energies near the band g»P ( 
would be the case in a hard threshold process) leading to 
very high average carrier temperatures. 

We have also investigated the effect of the second con- 
duction band on the impact ionization rate in bulk sdicom 
The percentage of ionization events per band at vanous 
appliS electric field strengths is plotted »« F'gs. 6 wd 7 for 
the k dependent and Keldysh formula models, respectively. 
Inspection of Fig. 6 clearly shows that most ***"££ 
ionization events originate from the second conduction 
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FIG 6 Histogram showing the percentage of electron ionization events 
FIG. b Hi«ogr * second conduction bands as a function of 

applied electric fields. 

band in the k-dependent model even at low applied electnc 
field strengths. This is apparently due to the fact that the 
transition rate is significantly higher m the ^coodtand 
than the first band as is seen from Figs. 1 and 2. Therefore 
in the k-dependent model, most of the ionization even 
occur only after an electron has transferred into the second 
conduction band which occurs predominately at high elec- 
tron energies. As a result, the average energy of the elec- 
trons is necessarily quite high. As the electric field strength 
increases, the percentage of events within the second band 
increases as well. This behavior is as expected since at 
higher electric fields and hence, higher earner energies the 
electrons will transfer more readily to the second conduc 

U ° n Figure 7 shows the percentage of electron ionization 
events originating from the first and second conduction 



Electric Field (kV/cm) 


FIG 7. Histogram showing the percentage of electron ioniMtion events 

electric fields, most of the ionization events originate from 
duction band in contrast to the k-dependent model. 
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1 bands in the Keldysh formula model. In contrast to the 
k-dependent model, most of the ionization events originate 
from the first conduction band at low applied electric field 
strengths. In the Keldysh formula model, all states of the 
same energy have precisely the same ionization transition 
rate and no distinction is made between states in the first 
and second conduction bands. The electrons have the same 
probability at a given energy of ionizing from the first con- 
duction band as from the second conduction band in the 
Keldysh model while in the k-dependent model, impact 
ionization is far more likely for electrons within the second 
conduction band than the first even for the same energy. 
Therefore, it is not surprising that the Keldysh model pre- 
dicts that more events will occur from the first conduction 
band than the second at lower fields. Additionally, one 
would expect that the average electron energies would be 
predicted to be smaller based on the Keldysh formula 
model than the k-dependent model once impact ionization 
has begun. Inspection of Fig. 5 shows that the average 
electron energy between the two models is the same at low 
applied electric field strengths where no ionization occurs 
but it is somewhat lower in the Keldysh model than the 
k-dependent model at higher electric fields. The observed 
difference at high fields is not dramatic due to the fact that 
the number of ionization events is relatively small overall. 
Hence, the ionization rate does not drastically change the 
average electron energies. Nevertheless, some overall trend 
is present. 

An energy dependent rate can be derived from the 
k-dependent rate in a manner analogous to that done by 
Kane. 8 An additional integration over the initiating elec- 
tron k- vector space, S i9 is performed following Kane 8 as 

W(E) = I J dS t W mv {n,k)b[E x {n,k)-E\, 

where the sum is performed over the first two conduction 
bands, n is the band index, and E x is the initiating electron 
energy. The value for W(E) needs, in addition, to be nor- 
malized by the density of states at the energy E as was done 
by Kane. 8 This has been done here as well. It is interesting 
to compare IV (E) to the energy-dependent rate specified 
by the Keldysh formula. W{E) and the Keldysh rate are 
plotted as a function of initiating electron energy in Fig. 8. 
The curve for W(E) in Fig. 8 has been purposely 
“smoothed” in order to more clearly show its shape and 
facilitate comparison with the result from the Keldysh for- 
mula. As stated above, from Figs. 6 and 7, more ionization 
events occur from carriers initially within the second con- 
duction band using the k-dependent model than the 
Keldysh model. Therefore, one would expect that the tran- 
sition rate would be greater at higher energy for W(E) 
than for the Keldysh formula. This is clearly indicated in 
Fig. 8; the impact ionization transition rate calculated by 
averaging over the k-dependent rate, W(E), is higher at 
higher energy and lower at lower energy than that calcu- 
lated using the Keldysh formula. 

31 B 



FIG. 8. Calculated impact ionization transition rates as a function of 
electron energy measured from the conduction band minimum using the 
k-dependent and Keldysh models. The energy dependent transition rate is 
determined by performing a further integration of the k-dependent rate as 
described in the text. 


IV. CONCLUSIONS 

In this article we have presented calculations of the 
electron interband impact ionization rate calculated using 
a k-dependent semiclassical formulation of the transition 
rate. Fermi’s golden rule is used to determine the transition 
rate from a two-body screened Coulomb interaction as- 
suming energy and momentum conservation. The transi- 
tion rate is calculated by numerically integrating over sev- 
eral million final states distributed within the first Brillouin 
zone. The transition rate is determined at each of 916 mesh 
points within the reduced zone forming a finely spaced 
k-space grid spanning both the first two conduction bands 
of silicon. It is found that the transition rate depends 
strongly on the initiating electron k vector and that the 
transition rate is greater for electrons originating within 
the second conduction band than the first conduction band 
in bulk silicon. An ensemble Monte Carlo simulation, 
which includes the numerically determined ionization 
transition rate as well as the full details of the first two 
conduction bands, is used to calculate the total impact 
ionization rate in bulk silicon. Good agreement between 
the k-dependent model and the experimental measure- 
ments of Woods et ai 28 is attained. 

The important result of this work is that the calcula- 
tions based on the k-dependent model show that the ion- 
ization rate in silicon is best modeled as a soft threshold 
process. Owing to the fact that the transition rate is signif- 
icantly lower than the phonon scattering rate and that the 
transition rate is greatest within the second conduction 
band, the electrons drift to high energies, on average, be- 
fore undergoing an impact ionization event. As a result, the 
average energy of the electrons is quite high at electric field 
strengths for which impact ionization can occur. The ion- 
ization rate fails to truncate the electron distribution at 
energies near the band gap or threshold energy. These re- 
sults are qualitatively in excellent agreement with those 
reported by Bude and Hess. 11 Recent experimental work of 
Cartier et ai 29 using the X-ray photoemission spectroscopy 
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(XPS) technique indicates that the ionization rate may 
have multiple ranges of behavior and that the higher range 
experimental data of Grant 27 may be most accurate. Al- 
though our model predicts a significantly lower ionization 
rate than that of Grant, 27 we believe that this may be .due 
principally to the failure of the semiclassical approach. A 
more complete theory including quantum mechanical ef- 
fects, details of the scattering rates, and band structures at 
high energies is probably a more appropriate approach for 
predicting impact ionization rates. We are currently pur- 
suing such a model. 
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• Ensemble Monte Carlo calculations of the electron interband impact ionization rate in bulk GaAs 
are presented using a wave-vector (k)-dependent formulation of the ionization transition rate. The 
transition rate is evaluated through use of numerically generated wavefunctions determined via a 
kp calculation within the first two conduction bands at numerous points within a finely spaced 
three-dimensional grid in k space. The transition rate is determined to be greatest for states within 
the second conduction band. It is found that the interband impact ionization transition rate in bulk 
GaAs is best characterized as having an exceedingly “soft” threshold energy. As a consequence, the 
dead space, defined as the distance over which the ionization probability for a given carrier is 
assumed to be zero, is estimated to be much larger than that estimated using a “harder” threshold. 

These results have importance in the design of multiquantum-well avalanche photodiodes. 


I. INTRODUCTION 

The probability that an interband impact ionization event 
will occur depends upon the likelihood that a carrier will first 
drift to an energy equal to or greater than the band-gap en- 
ergy, often referred to as the threshold energy, and then suffer 
an impact ionization event before phonon scattering pro- 
cesses relax it back to an energy below threshold. Most of 
the early analytical theories of interband impact ionization 1,2 
concerned themselves with determining the probability that a 
carrier survives to threshold assuming that it would ionize 
immediately afterward. Such theories are said to assume a 
“hard threshold” for interband impact ionization. 

The hard threshold model was not limited to the early 
analytical theories. More advanced theories 3,4 were formu- 
lated using a hard threshold model for interband impact ion- 
ization; however, more recent numerical studies 5,6 as well as 
analytical theories 7,8 have called this assumption into ques- 
tion. Interestingly, in most of the numerical theories em- 
ployed in the past the calculated impact ionization rates often 
agree well with experimental results for some semiconductor 
materials using either a hard or “soft” threshold model. 9 This 
is due to the fact that most numerical formulations rely on a 
parameterized expression, called the Keldysh formula, 10 to 
describe the impact ionization transition rate. The Keldysh 
formula contains two parameters, P and which are very 
difficult to determine from first principles. E th corresponds to 
the threshold energy for impact ionization while P is some 
measure of how strong the impact ionization transition rate is 
for carriers with energies greater than E^. A small value of 
P then corresponds to a soft threshold since the transition 
rate is relatively small near the threshold and increases only 
slowly thereafter. In contrast, a hard threshold is character- 
ized by a large value of P . Typically, both P and E^ are 
selected such that the calculated impact ionization rate is in 
agreement with experimental measurements. As such, more 
than one set of parameters can often reproduce the same 
ionization rate in a given material. Tang and Hess 9 have 
shown that the calculated impact ionization rate in bulk sili- 


con, based on an ensemble Monte Carlo model including th 
Keldysh formula, agrees well with existing experiments 
data using either a soft or hard threshold model. 

Kane 11 made the first attempt to improve the impact ion 
ization transition rate formulation by directly evaluating th 
pair cross section using' pseudopotential-generated energ 
bands and wave functions for bulk silicon. In his formula 
tion, Kane calculated the transition rate for different wav 
vector (k vector) states of comparable energy and average* 
these rates to determine an energy dependent transition rate 
More recently, Sano et a/. 12,13 and Bude and Hess 5 have in 
vestigated the threshold energy in silicon and GaAs usin 
numerical techniques. Their work indicates that the threshol 
is highly k dependent and that the relative softness of th 
threshold originates from the k dependence of the impac 
ionization transition rate. 

New theories of interband impact ionization have bee 
presented which treat the problem either semiclassically 5,1 
or quantum mechanically. 15 " 17 The quantum-mechanic* 
works have demonstrated that the threshold energy is alway 
relatively soft owing to energy broadening effects arisin 
from the electron-phonon interaction. In the quantum 
mechanical formulations, a Lorentzian is substituted in plac 
of the energy conserving delta function which leads to 
broadening of the threshold state itself. Bude an 
co-workers 15 have demonstrated that through inclusion c 
quantum-mechanical broadening, a threshold state cannc 
rigorously be defined since the Lorentzian does not deman* 
strict energy conservation over short time scales. As a result 
a carrier can impact ionize even if its energy is less than th 
energy gap. Energy broadening acts then to inflate the impac 
ionization rate near threshold. 

Similarly, even the semiclassical models predict that th 
ionization transition rate in bulk silicon is relatively lo\ 
leading to a soft thresholdlike behavior. Owing to the fac 
that the ionization transition rate is calculated to be signifi 
cantly lower than the competing phonon scattering rate, thes 
models predict that the electrons drift to high energies, o 
average, before suffering an impact ionization event. As 
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result, the average energy of the electrons is expected to be 
quite high at high-electric-field strengths in contrast to what 
is predicted using a hard threshold model. Recent experimen- 
tal measurements using x-ray photoemission spectroscopy 
(XPS) 18 indicate that the threshold for interband impact ion- 
ization in bulk silicon is exceedingly soft. These results fur- 
ther indicate that the ionization rate may have multiple 
ranges of behavior which is consistent with theoretical 
predictions 5,14 that the second band dominates the impact 
ionization process in bulk silicon. 

Aside from the obvious importance of improving the un- 
derstanding of interbank impact ionization, knowledge of the 
nature of the threshold energy in different materials is useful 
in modeling advanced avalanche photodiode (APD) designs 
which utilize heterostructures and multiple quantum wells to 
enhance the electron ionization rate. 19-22 In these devices the 
presence of the conduction-band-edge discontinuity formed 
at the heterostructure interface provides a kinetic energy 
boost to electrons injected into the narrow-band-gap layers 
from the wide-band-gap materials. The larger the con- 
duction-band-edge discontinuity is, the greater relative effect 
it has on the electron ionization rate. This depends though 
upon how soft the threshold is. If the threshold is relatively 
hard, the conduction-band-edge discontinuity can greatly in- 
fluence the ionization rate by providing sufficient energy to 
promote the electron from below threshold to above thresh- 
old. On the other hand, if the threshold is exceedingly soft, 
the presence of the conduction-band-edge discontinuity may 
not have as much of an effect since most of the carriers must 
attain very high energies before impact ionizing. As a result, 
the discontinuity may contribute relatively little to the over- 
all heating of the electron distribution. 

Since interband impact ionization is a threshold process, 
a carrier launched near the band edge, either initially or after 
suffering an ionization event, must drift for some time to 
acquire sufficient kinetic energy in order to impact ionize. 
The ionization probability then is necessarily equal to zero 
for some distance for both the generated carrier and the ini- 
tiating carrier immediately following an ionization event. 
The distance over which the ionization probability is as- 
sumed to be zero following launching from the band edge is 
often referred to as the dead space. The dead space can be of 
importance in multiquantum-well structures since if the well 
widths are much smaller than the dead space distance, then 
the ionization rate may be appreciably reduced, leading to 
little enhancement. Recently, the electron and hole ionization 
coefficients were measured in a series of GaAs/AlGaAs mul- 
tiple quantum wells with varying well and barrier widths. 23 It 
was found that in the narrow well width structures (<100 A ) 
there was virtually no enhancement of the experimentally 
measured electron to hole ionization rates ratio, while in 
wider well structures there was a significant increase in the 
ionization rates ratio. These results may be related to the 
dead space in the ionization process. 

In this article we present detailed calculations of the 
electron-initiated impact ionization rate in bulk GaAs using a 
semiclassical formulation of the interband impact ionization 
transition rate. The transition rate is determined using Fer- 
mi's golden rule from a two-body screened Coulomb inter- 


action assuming both energy and momentum conservation 
for the first two conduction bands of GaAs. These results are 
then incorporated into an ensemble Monte Carlo simulator to 
calculate the total impact ionization rate as a function of 
applied electric field in bulk GaAs. Aside from the ionization 
transition rate and the total impact ionization rate, the dead 
space for electron-initiated impact ionization is also calcu- 
lated and compared to results based on a relatively hard 
threshold model. The implications of an exceedingly soft 
threshold for impact ionization in GaAs are discussed in re- 
lation to multiquantum-well devices. The details of the 
model are summarized in Sec. II. The calculated results are 
presented in Sec. Ill while conclusions are drawn in Sec. IV. 

II. MODEL DESCRIPTION 

The details of the model have been exhaustively re- 
viewed in a previous work. 14 Nevertheless, for completeness, 
the salient features of our model are briefly outlined here. 
The total impact ionization rate is determined using an en- 
semble Monte Carlo simulation which includes the full de- 
tails of the first two conduction bands of GaAs and the nu- 
merically generated semiclassical impact ionization transi- 
tion rate. The Monte Carlo simulator used in the calculations 
is based on the original work of Shichijo and Hess, 24 with the 
improved phonon scattering technique of Chang et al 25 and 
the improved band-structure interpolation technique of Fis- 
chetti and Laux. 26 The material parameters used in the simu- 
lation are taken from Refs. 27 and 28. The estimators used in 
the simulation are discussed at length in Ref. 28. 

The high-energy scattering rate is assumed to be domi- 
nated by deformation potential scattering. The deformation 
potential scattering rate is calculated using a full order time- 
dependent perturbation theory expansion assuming that the 
deformation potential is a constant, independent of energy. 25 
Although the assumption of a constant deformation potential 
may not be strictly valid, 17 it is standard and commonly used. 
The- deformation potential scattering is determined by direct 
integration over the numerically generated density of states 
for both bands. At the points in k space at which both bands 
overlap, the deformation potential scattering depends, of 
course, on the density of states within both bands. During the 
course of the Monte Carlo simulation, the electrons can 
transfer then from one band to the other through the action of 
the deformation potential scattering. 

Impact ionization is incorporated into the Monte Carlo 
model using the semiclassical, wave-vector (k)-dependent 
transition rate given by Ridley. 29 The matrix element is as- 
sumed to be a screened Coulomb interaction between two 
electrons. 14 The transition rate is evaluated numerically by 
integrating over the full Brillouin zone. Several million pos- 
sible final states are sampled for each integration to ensure 
convergence and accuracy. The overlap integrals present in 
the matrix element are determined by diagonalizing a 15X15 
k*p Hamiltonian. 30 The values of the overlap integrals match 
closely to those presented by Burt et a/. 31 The transition rate 
is determined for each mesh point within a finely spaced, 916 
point, k-space grid spanning the reduced zone 24 of the first 
Brillouin zone. Additional points are also used for interpola- 
tion purposes raising the total number of mesh points at 
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FIG. 1. Calculated interband impact ionization transition rate for the first 
conduction band of bulk GaAs within the reduced zone of the first Brillouin 
zone. The ionization transition rate is plotted vs k x and k y holding k x fixed at 
0.0. Those points which are shown to have a transition rate equal to the 
minimum of the vertical axis scale have no threshold and hence have a zero 
transition rate. Owing to the. logarithmic scale used in the figure, these 
points arc represented as having a minimum transition rate for convenience. 

which the transition rate is calculated to 1419. The transition 
rate is determined for both conduction bands at each of the 
mesh points. The mesh employed for the impact ionization 
transition rate is the same as that for the energy interpolation 
used during the course of the Monte Carlo simulation. 

The instantaneous electron-impact ionization transition 
rate is determined both from its energy and k vector. When 
the simulated electron’s energy is less than the energy band 
gap, the electron cannot impact ionize and its flight is deter- 
mined in the usual manner. 32 When the simulated electron 
drifts to an energy greater than or equal to the energy band 
gap, its ionization transition rate is determined using the k 
space mesh. The eight mesh points nearest to the components 
of the simulated electron’s k vector are first determined. If 
the ionization transition rate is nonzero for all of the eight 
mesh points then the transition rate of the simulated electron 



0 0 


FIG. 2. Calculated interband impact ionization transition rate for the second 
conduction band of bulk GaAs within the reduced zone of the first Brillouin 
zone. The ionization transition rate is plotted vs k x and k y holding k x fixed at 
0.0. Those points which are shown to have a transition rate equal to the 
minimum of the vertical axis scale have no threshold and hence have a zero 
transition rate. Owing to the logarithmic scale used in the figure, these 
points are represented as having a minimum transition rate for convenience. 
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FIG. 3. Total calculated electron phonon scattering rate used in the so 
threshold and hard threshold simulations. The high-energy scattering rate fc 
the soft threshold case is matched at 0.5 eV with the phonon scattering rat 
calculated from Fermi’s golden rule, while the rate for the hard threshol 
case is matched at 0.8 eV. 


is determined by linearly, interpolating between the values < 
each mesh point. If one or more of the mesh point values i 
zero, then the transition rate for the simulated electron i 
chosen equal to that of the nearest k point. The impact ior 
ization transition rate determined in this manner is the 
added to the total phonon scattering rate corresponding to tfc 
energy of the simulated electron. As in standard Monte Carl 
algorithms, a random number is thrown to determine if tl 
carrier is scattered. Given that the carrier scatters, a secor 
random number is generated to determine the particul; 
event that occurs out of all the possible events at that ener§ 
and k vector. 

The calculated interband impact ionization transition ra 
for the first two conduction bands of bulk GaAs as a functic 
of k x and k y holding J fc, fixed at 0.0 within the reduced zoi 
is presented in Figs. 1 and 2. As can be seen from compai 
son of these two figures, the transition rate is significant 
greater in the second conduction band than in the first. T1 
maximum transition rate in either band is only slight 
greater than 10 13 s~\ significantly less than the competir 
phonon scattering rate at these energies. The probability th 
an ionization event will occur at any given time, relative to 
competing phonon scattering event, is then quite small. As 
resiilt, an electron can drift for some time to very high enerj 
before suffering an impact ionization event. 

III. CALCULATED RESULTS ^ 

At high carrier energies the phonon scattering rate 
assumed, as stated above, to.be dominated by deformati* 
potential scattering. The scattering rate at these energies 
determined by directly integrating over the final densi 
states calculated from the numerically generated band stru 
ture including collision broadening. A single deformation p 
tential constant is selected in order to match the scatter! 

* Y. Wang and K. F. Brenn 
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FIG. 4. Calculated impact ionization transition rates as a function of elec- 
tron energy measured from the conduction-band minimum using the 
k-dependent and Keldysh formula with two different sets of £ and £ th . The 
energy-dependent rate for the k-dependent rate is calculated by performing a 
further integration of the k-dependent rate. 


rate calculated from Fermi's golden rule at a specific energy. 
Since the impact ionization coefficients are very sensitive to 
the total scattering rate, a small change in the total scattering 
rate will lead to a dramatic change in the impact ionization 
coefficients. Figure 3 shows the total electron phonon scat- 
tering rates with the deformation potential scattering rate 
matched to the scattering rate calculated from Fermi’s golden 
rule at 0.5 and 0.8 eV, respectively. As is discussed later, the 
lower scattering rate, that matched at 0.5 eV, results in a 
softer threshold for the impact ionization process, while the 
higher scattering rate, that matched at 0.8 eV, results in a 
harder threshold. It should be noted that there is some arbi- 



F1G. 5. Calculated and experimental results for the electron-impact ioniza- 
tion coefficients in bulk GaAs plotted as a function of inverse electric field, 
using the k-dependent model, the Keldysh formula model with £—0.02 and 
£, h =1.85 eV, and the Keldysh formula model with £=0.2 and £ lh = 1.42 eV. 
The experimental results arc taken from Bulman a at. (Ref. 33). 
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FIG. 6. (a) Histogram showing the percentage of electron ionization events 
originating from the first and second conduction bands as a function of 
applied electric field based on the k-dcpcndcnt model, (b) Histogram show- 
ing the percentage of electron ionization events originating from the first and 
second conduction bands as a function of applied electric field based on the 
Keldysh formula model with £=0.02, £ th =1.85 cV. (c) Histogram showing 
the percentage of electron ionization events originating from the first and 
second conduction bands as a function of applied electric field based on the 
Keldysh formula model with £=0.2, £ lh =1.42 cV. 
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trariness in the total scattering rate since the deformation 
potentials are not fully known as a function of energy. Topi- 
cally, the scattering rate is adjusted such that the calculated 
carrier drift velocities agree with the experimental measure- 
ments; however, the drift velocity is less sensitive to the 
scattering rate than the impact ionization coefficients. In 
these calculations, both sets of scattering rates show good 
agreement with the experimental saturation carrier drift ve- 
locity within the error tolerance of the Monte Carlo tech- 
nique. Therefore, either total scattering rate is plausible. 

An energy-dependent impact ionization transition rate 
can also be derived from the k-dependent rate by performing 
an additional integration over the initiating electron k-vector 
space, normalized by the density of states. The result is plot- 
ted as a function of initiating electron energy in Fig. 4, along 
with the rates using the Keldysh formula with two sets of £ 
and £ Ih ; £=0.02 and £, h =1.85 eV, as well as £=0.2 and 
£^,= 1.42 eV. Multiple sets of £ and £, h may be found by 
fitting the calculated impact ionization coefficients to the ex- 
periment. The first set of values of £=0.02 and £ , h = 1.85 eV 
is chosen so as to match the Keldysh rate as close as possible 
to the energy-dependent rate derived from the k-dependent 
rate. The value of 0.02 for £ is in the range of values which 
typically corresponds to a soft threshold condition. Another 
set of parameters for the Keldysh formula, £ = 0.2 and 
£ lh =1.42 eV, is chosen to compare the difference betwden 
the hard and soft threshold models. 

The impact ionization coefficients calculated using the 
k-dependent impact ionization transition rate, the Keldysh 
formula with £=0.02 and £ n, = 1 -85 eV, and the Keldysh 
formula with £=0.2 and £, h = 1.42 eV along with the experi- 
mental measurements of Bulman et al?^ are plotted in Fig. 5 
at an electric-field direction of [100]. The lower total scatter- 
ing rate as shown in Fig. 3 is used in the calculations of both 
the k-dependent model and the Keldysh formula with 
£=0.02 and £ th =1.85 eV. In the case of the Keldysh for- 
mula with £=0.2 and £ (h =1.42 eV the higher total scatter- 
ing rate must be used due to the higher impact ionization 
transition rate and the harder threshold present in this case in 
order to agree with the experimental results. As can be seen 
from Fig. 5, the k-dependent calculations match the experi- 
ment fairly well throughout the range of applied electric-field 
strengths plotted here. This is excellent considering there is 
no adjustable parameter used in the model for the impact 
ionization transition rate. The only ambiguity in this case 
appears in the scattering rate. The calculated results using the 
Keldysh formula for the impact ionization transition rate, 
within the otherwise identical Monte Carlo model, are in- 
cluded for comparison. With two adjustable parameters, £ 
and £ th it is possible to have better agreement with the ex- 
periments than the k-dependent model, as shown here for the 
case of £=0.02 and £ th =1.85 eV. The results calculated us- 
ing the k-dependent model are closer to the results calculated 
by the Keldysh formula with a softer threshold as expected, 
since the k-dependent model also has effectively a very soft 
threshold. 

The effect of the second conduction band on the impact 
ionization coefficients in bulk GaAs for all three impact ion- 
ization transition rate models has also been investigated. Fig- 
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ure 6(a) shows the percentage of electron ionization events 
originating from the first and second conduction bands 
within the k-dependent model. Nearly 100% of the impact 
ionization events originate from the second conduction band 
due to the fact that the impact ionization transition rate is 
much higher in the second conduction band. The percentage 
of electron ionization events originating from the first and 
second conduction bands for both Keldysh formula models 
are plotted in Figs. 6(b) and 6(c). In contrast to the 
k-dependent model, more ionization events originated from 
the first conduction band in both cases. This can be under- 
stood since in the Keldysh formula, the impact ionization 
transition rate is isotropic and no distinction is made between 
states in the first and second conduction bands. Therefore, 
the electrons have the same ionization probability at a given 
energy from the first conduction band as from the second 
conduction band in the Keldysh formula model, while in the 
k-dependent model the ionization probability is typically 
higher in the second conduction band than the first conduc- 
tion band even at the same energy. Hence, it is not surprising 
that the Keldysh formula model predicts that more events 
will occur from the first conduction band than the 
k-dependent model does. As the threshold becomes lower 
and harder, more ionization events occur in the first conduc- 
tion band. Therefore, the Keldysh formula model will predict 
very different physical results if a different set of £ and £(j, 
is used. 

It is interesting to examine the impact ionization coeffi- 
cients along different applied electric-field directions. The 
directional dependence of the impact ionization transition 
rate is incorporated naturally in the k-dependent formulation. 
Calculations of the electron-impact ionization coefficient at 
different applied electric field directions of [100], [110], and 
[111] show no field directional dependence of the impact 
ionization coefficients even with the k-dependent impact ion- 
ization transition rate. These results agree with previous cal- 
culations by Brennan and Hess 34 using the Keldysh formula 
and the calculations reported here using both Keldysh for- 
mula models. As shown in Fig. 6(a), almost all the impact 
ionization events originate from the second conduction band 
using the k-dependent formulation. Since the impact ioniza- 
tion transition rate in the second conduction band, shown in 
Fig. 2, is higher and more uniform than the rate in the first 
conduction band, little electric-field directional dependence 
of the electron-impact ionization coefficients is expected. 

The electron number density functions, defined here as 
the product of the electron density of states function and the 
electron distribution function, are plotted in Figs. 7(a)— 7(c) 
for all three models at an applied electric field of 250 kV/cm. 
The number density functions at the applied electric field of 
500 kV/cm for all three models are presented in Figures 
8(a)-8(c). Both the k-dependent model and the Keldysh for- 
mula model with the softer threshold predict similar electron 
distributions. The second peak in the distributions at an elec- 
tric field of 500 kV/cm for the k-dependent model and the 
Keldysh formula with softer threshold indicate many elec- 
trons occupy the second conduction band at high applied 
electric fields. In the Keldysh formula model with the harder 
threshold, the distribution is much cooler. In this case, fewer 
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FIG. 7. (a) The electron number function, defined as the product of the 
electron density-of-states function and the electron distribution function, at 
Ihc applied electric field of 250 kV/cm calculated using the k-dependent 
model. Notice Ihc significant number of electrons within the high-energy tail 
of the distribution. In the k-dependent model owing to the ultrasoft thresh- 
old present, the impact ionization process docs not truncate the high-energy 
tail of the distribution, (b) The electron number function, defined as the 
product of the electron density-of-states function and the electron distribu- 
tion function, at the applied electric field of 250 kV/cm calculated using the 
Keldysh formula model with £=0.02, £***1.85 eV. As in the k-dependent 
model, the high-energy tail of the electron distribution is not truncated due 
to the soft threshold in the ionization process, (c) The electron number 
function, defined as the product of the electron density-of-states function 
and the electron distribution function, at the applied electric field of 250 
kV/cm calculated using the Keldysh formula model with £ = 0.2, £*=1.42 
eV. Notice that few electrons exist within the high-energy (ail of the distri- 
bution in this case. The presence of a hard threshold acts to sharply truncate 
the high-energy tail at relatively low carrier energy. 





Energy (eV) 

FIG. 8. (a) The electron number function, defined as the product of the 
electron density-of-states function and the electron distribution function, at 
the applied electric field of 500 kV/cm calculated using the k-dependent 
model. The second peak in the distribution is due to carriers within the 
second conduction band. Notice that there is a significant population of 
electrons at very high energy due to the presence of a very soft threshold for 
impact ionization, (b) The electron number function, defined as the product 
of the electron density-of-states function and the electron distribution func- 
tion, at the applied electric field of 500 kV/cm calculated using the Keldysh 
formula model with £=0.02, £**=1.85 eV. As in the k-dependent case, the 
second peak in the distribution is due to carriers within the second conduc- 
tion band. Many electrons survive to high energy in this case owrng to the 
very soft threshold for impact ionization, (c) The electron number function, 
defined as the product of the electron density-of-states function and the 
electron distribution function, at the applied electric field of 500 kV/cm 
calculated using the Keldysh formula model with £ = 0.2, £* = 1.42 eV. 
Owing to the relatively hard threshold used in this case, the high-energy tail 
of the distribution is effectively truncated. 
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FIG 9 (a) Scatter plot of electron energy and the location at which impact 
ionization occurs at the applied electric field of 333 kV/cm based on the 
k-dependent model. The dead space can be estimated by the distance mea- 
sured from zero to the first ionization event. In this case, this distance is 
-90.0 nm. Notice that the average energy at which an impact ionization 
event occurs is quite high, always greater than 2 eV and in many cases 
closer to 3-4 eV. (b) Scatter plot of electron energy and I the location « 
which impact ionization occurs at the applied electric field of 333 kV/c 
based on the Keldysh formula model with P-0.02, £*“1.85 eV. As in the 
k-dependent case, the average energy at which an impact ionization event 
occurs is relatively high and the dead space is relatively long, (c) Scatter 
plot of electron energy and the location at which impact ionization occureat 
the applied electric field of 333 kV/cm based on the Keldysh formula model 
with P=0 2 £*=1.42 eV. Notice that the average energy at which an im- 
pact ionization event occurs is relatively low. Many ionizations occur at 
energies less than 2 eV and few carriers survive to energies much greater 
than 2 eV. Notice also that the dead space is predicted to be much less than 
in the k-dependent model. In this case, the dead space is -50.0 nm almost 
half of that predicted for the k-dependent model. 


electrons survive to high energies. This is, of course, due to 
the fact that in the hard threshold model, once a carrier at- 
tains threshold it is highly likely to suffer an impact ioniza- 
tion event. As a result, few carriers drift to energies signifi- 
cantly higher than the threshold. 

The electron energies and positions at which impact ion- 
izations occur are plotted in Figs. 9(a)— 9(c) for all three 
models at the applied electric field of 333 kV/cm. Each dot 
in the figures represents an impact ionization event that oc- 
curcd at energy E and distance D from launch. The electrons 
arc all launched initially from zero energy. From inspection 
of the figures, the electron-impact ionization dead space can 
be estimated at each specific applied electric field. Notice 
that the dead space predicted by the harder threshold model 
is the shortest among the three models. This is because in the 
harder threshold model electrons can impact ionize at much 
lower energies [Fig. 9(c)] due to the lower threshold and the 
higher impact ionization probability once the carrier reaches 
the threshold. The distance traveled for the electrons to reach 
the ionization energy thus is much shorter. The k-dependent 
model has the longest dead space. In the k-dependent model 
most impact ionizations occur in the second conduction 
band, while in the Keldysh formula model electrons can 
more easily impact ionize within the first conduction band. 
Since electrons can only transfer to the second conduction 
band through scattering events in our simulation model, it 
takes a longer time and, thus, a longer distance, for the elec- 
trons to impact ionize. Due to the use of a higher and softer 
threshold, electrons need reach higher energy to impact ion- 
ize. This results in longer dead spaces than that reported in 
Ref. 35. 

IV. CONCLUSIONS 

In this article we have presented an analysis of the inter- 
band impact ionization rate in bulk GaAs using a semiclas- 
sical, k-dependent, numerical formulation of the impact ion- 
ization transition rate. It is found that the transition rate is 
substantially higher within the second conduction band than 
the first conduction band. As a result, the overwhelming ma- 
jority of electrons impact ionize from states within the sec- 
ond conduction band than from the first conduction band, in 
contrast to what is predicted by a hard threshold, Keldysh 
formula model. In addition, the numerical, k-dependent for- 
mulation of the transition rate predicts that the electrons sur- 
vive to very high energy, on average, before suffering an 
impact ionization event. Again, this is vastly different from 
that predicted by the hard threshold, Keldysh formula model 
wherein most of the electrons ionize at much lower energies. 

Interestingly, both the hard threshold model, and the soft 
threshold models, i.e., either a soft threshold, Keldysh for- 
mula model or the numerical, k-dependent model, can be 
fashioned, by adjusting the total phonon scattering rate, to 
match the experimental results exceedingly well. Though the 
hard and soft threshold models require different total phonon 
scattering rates in their description, the two different rates 
examined here both lead to acceptable predictions of the 
steady-state electron drift velocities. As such, it is difficult 
under present circumstances to definitively choose which 
scattering rate is the most appropriate. A more detailed 
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analysis of the high-energy scattering rate, taking into ac- 
count the energy dependence of the deformation potentials, 
needs ultimately to be done. Nevertheless, it is expected that 
the k-dependent transition rate formulation is far more accu- 
rate than the Keldysh formula. In order that the k-dependent 
transition rate calculations agree with the experimental mea- 
surements, the phonon scattering rate would have to be lower 
than that usually quoted for a hard threshold model. 

If the threshold for interband impact ionization is indeed 
very soft in GaAs, as indicated by the present k-dependent 
transition rate calculations, the dead space for impact ioniza- 
tion is then significantly larger than previously estimated. A 
longer dead space may lead to different predictions of the 
electron-impact ionization enhancement in GaAs/AlGaAs 
multiquantum-well (MQW) structures. As a result, the opti- 
mal well and barrier widths of these devices may be quite 
different from those predicted using a harder threshold 
model. We are currently investigating how an ultrasoft 
threshold, as predicted by the k-dependent transition rate cal- 
culations presented here, would effect the predicted electron 
and hole ionization rates in MQW structures. These results 
will be presented elsewhere. 
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The electron interband impact-ionization rate for both silicon and gallium arsenide is calculated 
using an ensemble Monte Carlo simulation with the expressed purpose of comparing different 
formulations of the interband ionization transition rate. Specifically, three different treatments of the 
transition rate are examined: the traditional Keldysh formula, a new k-dependent analytical 
formulation first derived by W. Quade, E. Scholl, and M. Rudan [Solid State Electron. 36, 1493 
(1993)], and a more exact, numerical method of Y. Wang and K. F. Brennan [J. Appl. Phys. 75, 313 
(1994)]. Although the completely numerical formulation contains no adjustable parameters and as 
such provides a very reliable result, it is highly computationally intensive. Alternatively, the Keldysh 
formula, although inherently simple and computationally efficient, fails to include the k dependence 
as well as the details of the energy band structure. The k-dependent analytical formulation of Quade 
and co-workers overcomes the limitations of both of these models but at the expense of some new 
parameterization. It is found that the k-dependent analytical method of Quade and co-workers 
produces very similar results to those obtained with the completely numerical model for some 
quantities. Specifically, both models predict that the effective threshold for impact ionization in 
GaAs and silicon is quite soft, that the majority of ionization events originate from the second 
conduction band in both materials, and that the transition rate is k dependent. Therefore, it is 
concluded that the k-dependent analytical model can qualitatively reproduce results similar to those 
obtained with the numerical model yet with far greater computational efficiency. Nevertheless, there 
exist some important drawbacks to the k-dependent analytical model of Quade and co-workers: 
These are that it does not accurately reproduce the quantum yield data for bulk silicon, it requires 
determination of a new parameter, related physically to the overlap integrals of the Bloch state 
which can only be adjusted by comparison to experiment, and fails to account for any wave-vector 
dependence of the overlap integrals. As such the transition rate may be overestimated at those points 
for which “near vertical,” small change in k, transitions occur. 


I. INTRODUCTION 

The theoretical study of interband impact ionization has 
been greatly aided by the advent of numerical methods. Ow- 
ing to the complexity of the energy band structure at high 
energies, at which impact ionization is initiated, as well as 
the complicated carrier-phonon scattering mechanisms, sim- 
plified analytical formulations, such as the early theories of 
Shockley, 1 Wolff, 2 and Baraff 3 have limited validity. Nu- 
merical models for calculating the ionization rate were then 
advanced based on the Monte Carlo method; however, 
these approaches utilized parabolic or nonparabolic analyti- 
cal energy bands which are of questionable validity at high 
carrier energies. The full details of the energy band structure 
were first accounted for in the Monte Carlo model of 
Shichijo and Hess. 6 In their model the dynamics of the elec- 
trons in bulk GaAs were simulated within the first conduc- 
tion band, calculated based on an empirical pseudopotential 
model. Later, Fischetti and Laux 7 developed a more ad- 
vanced Monte Carlo simulator for studying impact ionization 
which improved the numerical accuracy as well as incorpo- 
rated transport within higher conduction bands. 

In order to calculate the overall impact ionization rate 
using the Monte Carlo technique, it is necessary to formulate 


an expression for the impact ionization transition rate. This 
formulation is then incorporated into the Monte Carlo simu- 
lator and is treated as an additional scattering mechanism. An 
impact-ionization event is chosen stochastically in the usual 
way® through the use of a random number based on the rela- 
tive magnitude of the ionization transition rate compared tc 
competing phonon scattering events. Although there has 
been recent work on formulating the ionization transitior 
rate using a higher-order quantum-mechanical perturbatior 
theory expansion, 9-11 the impact-ionization transition rate it 
more typically determined from use of Fermi’s golden rule 
Fermi’s golden rule can be expressed as* 2 

W u = j \M\tS{E f -E,)S(,Ms)dS f ,, (i: 

where dSf represents integration over all the final states, E 
and Ef are the energies of the initial and final states, respec 
tively, Ak is the momentum change during the interaction 
The matrix element M in Eq. (1) is formed using both the 
direct M d and exchange M t terms following Ridley as 

|A/| 2 =|A/,<| 2 + |A/ e | 2 + \Mj—M r | 2 , (2 

where 
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. e 2 /(k„k;)/(k 2 ,ki) 

Md ~cv |k;-k,| 2 +x 2 ’ 

(3) 

e 2 /(k,,kj)/(k 2> k;) 

M ‘~eV |k;-k ,| 2 + X 2 ‘ 

In Eq. (3), kj,k| arc the wave vectors of the incident elec- 
tron before and after the interaction, k lf k 2 represent the 
states of the secondary electron-hole pair after the collision, 
X is the static screening factor, and e is the electronic charge; 
V is the crystal volume, and e is the dielectric function. 
Quantities /(k 1 ,kl),/(k 2 ,k 2 ),/(k 1 ,k 2 ),/(k 2 kj) are overlap 
integrals. 12 Following Ridley, 12 the term \M d —M e \ 2 is ne- 
glected and the direct and the exchange terms are assumed to 
be equal. 

In most previous Monte Carlo simulations (e.g., Refs. 6 
and 13) the impact-ionization transition rate is calculated us- 
ing the Keldysh formula, 14 which can be obtained from Eq. 
(1) by adopting several simplifying assumptions: These are 
that the transition is calculated assuming a direct semicon- 
ductor with parabolic bands for all of the carriers, the overlap 
integrals are considered to be constant and the denominator 
in the matrix element in Eq. (3) is also taken as a constant 
with thresholds values of k, ,kj . This yields the very well- 
known quadratic dependence of the transition rate W Vl on the 
energy £ of the initiating particle, usually expressed as 

. (4) 

where £ (h is the threshold energy and W(£ th ) is the total 
phonon scattering rate at threshold. £ lh and the prefactor p 
cannot generally be determined from first principles; instead, 
they are determined through comparison of the calculations 
to experimental data. Aside from this obvious limitation of 
the Keldysh formula, the neglect of an accurate accounting 
of the high-energy region of the band structure also results in 
the failure to properly assess the k dependence of the ionisa- 
tion transition rate itself. Recent theoretical studies have in- 
dicated that there is a significant deviation in the ionization 
transition rate with respect to the initiating carrier’s k vector 
in different materials. 15,16 

Several alternative approaches to the Keldysh formula 
for calculating the interband impact ionization rate have been 
recently presented. 15 “ 21 In each of these methods, the inter- 
band impact-ionization transition rate is evaluated numeri- 
cally and can be then incorporated into an ensemble Monte 
Carlo calculation. Although these approaches presently offer 
a far more accurate treatment of impact ionization than the 
Keldysh formula, they require extensive numerical computa- 
tion. In the approach adopted by Wang and Brennan 15,16 the 
transition rate is determined directly from Fermi’s golden 
rule by numerically integrating Eq. (1) at different k points 
within the first Brillouin zone. Their analysis includes the 
direct calculation of the overlap integrals from the numeri- 
cally generated wave functions using a k*p method. The 
transition rate is evaluated by integrating over several mil- 
lion final states directly evaluating the overlap integrals in 
each case. This is particularly computationally intensive 
since the overlap integrals must be evaluated for each final 


state. Sano and Yoshii 17 have used a less computationally 
intensive scheme. In their method, the three-dimensional k 
space incorporating the reduced zone is partitioned into 
small cubes. The matrix elements within each cube are as- 
sumed to be equal alleviating the need to evaluate the over- 
lap integrals for each possible state. In this way, the number 
of computations can be greatly reduced at the expense of 
increased memory requirements. However, we have found 
that the overlap integrals vary in a nonpredictive manner 
from point to point in our k-p calculations and cannot gen- 
erally be assumed to be the same even for states very close in 
k space. For this reason and memory storage limitations, in 
the model of Wang and Brennan 15,16 the overlap integrals are 
evaluated for every final state. Nevertheless, all of the nu- 
merical approaches indicate that the transition rate is depen- 
dent on the initiating electron wave vector. 

Recently, another analytical treatment of expression (1), 
which also includes the k-vector dependence of the impact- 
ionization transition rate, was presented by Quade, Scholl, 
and Rudan. 22 They calculated the impact-ionization transi- 
tion rate for the general case of an arbitrarily shaped energy 
band for the impact-ionizing conduction electron, and three 
anisotropic parabolic bands for the final states with their ex- 
trema located at different points in the k-vector space. The 
assumption of the parabolic energy bands for the final states 
is acceptable since the final states are generally at low energy 
near the band minimum where the parabolic approximation 
is typically good. Other approximations used in the deriva- 
tion include nondegeneracy and a constant value for the 
overlap integrals. Although the formulation developed by 
Quade and co-workers 22 contains some parameterization due 
to the fact that the overlap integrals are not evaluated but are 
assumed to be constant parameters, it offers a far more com- 
putationally efficient means of evaluating the ionization tran- 
sition rate with the inclusion of the k dependence than the 
numerical method of Wang and Brennan. 15,16 Subsequently, 
it is of interest to examine how the k-dependent, analytical 
model of Quade and co-workers 22 compares to the numerical 
model of Wang and Brennan. 15,16 

In this article, we incorporate the formulation of the 
impact-ionization transition rate of Quade and co-workers 22 
within an ensemble Monte Carlo simulator to determine the 
electron impact-ionization rate in bulk silicon and GaAs. The 
impact-ionization rate calculated in this way is then com- 
pared to experimental data as well as calculations made in an 
otherwise identical Monte Carlo simulator using the Keldysh 
formula and the direct, k-dependent transition rate. The na- 
ture of the ionization rate is further probed using the Quade 
and co-workers’ model to determine if it yields similar physi- 
cal results to that of the direct, numerical model. Specifically, 
the transition rate within each band is calculated and the 
percentage of ionization events originating from each con- 
duction band is determined. The number density distributions 
and the quantum yield as a function of energy are determined 
and compared between the different theoretical models as 
well. In Sec. II the details of the theoretical models are re- 
viewed. The calculated results are presented in Sec. Ill and 
conclusions are drawn in Sec. IV. 
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II. MODEL DESCRIPTION 


The total impact-ionization rate as a function of inverse 
electric field is calculated using an ensemble Monte Carlo 
simulation, based on the original work of Shichijo and Hess. 
The details of the simulator have been extensively described 
elsewhere; 1316 therefore, only the main features are outlined 
here. The simulation includes the full details of the first and 
second conduction bands for silicon or gallium arsenide. The 
scattering rate in either case is determined using the im- 
proved phonon scattering technique of Chang et al and the 
improved band-structure interpolation technique of Fischetti 
and Laux. 7 The total phonon scattering rate is determined in 
the following way. Within the low-energy region, the scatter- 
ing rate is calculated from Fermi’s golden rule for all the 
relevant mechanisms present. 7 * Within the high-energy 
range, deformation potential scattering is assumed to be the 
dominant scattering mechanism. The scattering rate in this 
region is obtained by integrating over the final density of 
states, calculated from the numerically generated band struc- 
tures, including collision broadening of the final state. The 
deformation potential is assumed constant and is selected to 
match the scattering rate calculated from Fermi’s golden rule 
at a low specific energy. Interband electronic transitions are 
enabled via the action of the deformation potential scattering 
as described in Ref. 15. The actual scattering rates used in 
these calculations have been published previously in Ref. 15 / 
for silicon and Ref. 16 for GaAs. 

The impact-ionization transition rate is formulated in 
three different ways and is then incorporated into the Monte 
Carlo simulator described above. The different transition rate 
formulations used are a direct, numerical method previously 
described in detail in Refs. 15 and 16, the Keldysh formula 
described in detail in Refs. 6 and 7, and a new k-dependent 
analytical formulation derived by Quade and co-workers 
which is summarized below. 

The k-dependent analytical formulation of the impact- 
ionization transition rate, hereafter referred to as the Quade 
formula, predicts the ionization transition rate for an initiat- 
ing electron of wave vector kj , colliding with another elec- 
tron in the valence band, to be 22 


WW«.Ar= W4K l ,0.j.A8lM-Q’ (5) 
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and 

fx=KV(X 2 -«) 2 +4Kt\ z -(K 2 -f)]- < u > 

In the above set of equations, a, fi, and y represent a para- 
bolic valence band and two possibly different parabolic con- 
duction bands for the final states of the hole and electrons 
after the impact ionization event, respectively. The aniso- 
tropic bands are parametrized by ratios of effective masses 
a,=m f /m a j, Pi=m s /m pi , y ,= wi 4 /m r ,,, where i labels 
the Cartesian coordinate, and the extremal points of each 
band are positioned at Z a , Z r ; is an isotropic effec- 
tive mass of the conduction band for the initiating electron. F 
represents the product of the squared overlap integrals and is 
taken as constant for each initiating band but may vary be- 
tween bands, n stands for the geometrical average of the 
quantities fi\, M 2 » M 3 defined by Eq. (8). The arbitrarily 
shaped function £(k,) represents the energy of the initiating 
electron, £g represents the gap plus offsets of the extremal 
points of the bands a, A y. k^=k,-L, where L is a recip- 
rocal lattice vector and 0 is the Heaviside function. Equatior 
(5) is derived assuming a static dielectric constant. Althougl 
recent work 17 has shown that a full wave-vector, frequency 
dependent dielectric function can modify the ionization tran 
sition rate, its incorporation in the Quade formula would no 
lead to an analytical expression. For this reason, a constan 
dielectric function is used within the Quade formulation. Ti 
facilitate comparison of the Quade model to other models, ; 
constant dielectric function is used within the numerical an< 
Keldysh formula models as well. 

The total impact-ionization scattering rate for the initial 
ing particle with wave vector k[ is calculated taking inti 
account all of the possible final states within the full Bril 
louin zone. The total impact-ionization transition rate ca 
then be expressed as 


W^kO-S X X ^ii(ki)a./». T . (12 

a fi y 

where the summation goes over all the valence bands a an 
all possible valleys A 7 ‘he first and second conductio 
bands. The summations in Eq. (12) are taken so as to indud 
both direct and exchange terms. 

The material parameters used in the calculations hav 
been taken from Refs. 25-28 for silicon and Refs. 29-32 fc 
gallium arsenide. For the case of the second conduction ban 
in both materials, the longitudinal m, and transverse m, e: 
fective masses for the X valleys have been obtained from tb 
numerically calculated band structures determined by a k* 
calculation. The longitudinal and transverse masses used ft 
silicon and gallium arsenide in the second conduction bar 
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TABLE 1. Energies of symmetry points (relative to the top of the valence 
band, in eV) and values of relative effective masses used in the calculations 
of the impact-ionization transition rate in silicon and gallium arsenide. 



Silicon 

Gallium arsenide 

£( r 0 ) 

3.42* 

1.423* 

E(X o> 

1.12* 

1.898 b 

E(L a ) 

1.92* 

1.706 b 

E(X C „) 

1.1 4 C 

1.973' 

Etfso) 

-0.044 d 

-0.340 b 

m,(X a ) 

0.19* 

0.27 f 


0.92* 

1.98' 

m t (X cu ) 

0.21' 

0.23' 

m /C X C u) 

0.29' 

O^O 5 

m (Lci) 

0.284' 

0.18* 

m (Fc/) 

... 

0.067' 

m^hh) 

osar* 

0.45' 

m (F t«) 

0.153 d 

0.082 1 

"*(r 5 o) 

0.234 d 

0.170' 


‘Reference 32. 

Reference 30. 

'Values obtained from the numerically calculated band structure. 
Reference 26. 

‘Reference 25. 

Reference 31. 


arc reported in Table I. In the case of L valleys, T valleys, 
and all the valence bands, the isotropic effective masses have 
been used and their values are also listed in Table I, as well 
as the energies of symmetry points relative to the top of the 
valence band. 

The interband impact-ionization transition rate calcu- 
lated using the approach based on Quade and co-workers’ 
results assuming that the overlap integrals are simply unity is 
presented in Figs. 1(a) and 1(b) for the first and second con- 
duction bands in silicon, and in Figs. 2(a) and 2(b) for the 
first and second conduction bands in gallium arsenide, re- 
spectively. Comparison of Figs. 1 and 2 to similar figures 
obtained by Wang and Brennan 15,16 using the completely nu- 
merical technique in which the overlap integrals are evalu- 
ated directly shows good qualitative agreement between the 
two approaches. For bulk silicon the primary difference, 
aside from the overall magnitude, is that the number of 
points for which a nonzero transition rate has been calculated 
is higher using the completely numerical approach. A similar 
effect can be seen in the case of the first and second conduc- 
tion bands in gallium arsenide. Again notice that there is a 
significant difference in the number of nonzero transition rate 
points between the two models (data calculated using the 
numerical approach can be found in Ref. 16) for the first 
conduction band; however, the rate from these points is rela- 
tively small compared to the competing scattering rates. 

Further examination of Figs. 1 and 2 reveals that the 
transition is greater for electrons originating from the second 
conduction band than from the first conduction band, which 
corresponds to the results based on the numerical 
calculations. 15,16 This is particularly true for GaAs. As is 
discussed below, due to the fact that the transition rate is 
greatest for the second conduction band, most ionization 
events occur from electrons which originate from within the 
second conduction band. 



(b) o o 


FIG. 1. Calculated interband impact-ionization transition rate for the first 
and second conduction band in bulk silicon as a function of k x and k y ( k t is 
fixed at 0.0) within the reduced zone of the first Brillouin zone obtained by 
the analytical formulation based on the Quade model. Initiating electron is 
in (a) the first conduction band and (b) the second conduction band. 


111. RESULTS 

The impact-ionization rate as a function of inverse elec- 
tric field, calculated using the ensemble Monte Carlo simu- 
lation, is presented in Figs. 3 and 4 for silicon and gallium 
arsenide, respectively. In each case, the rate is calculated 
using the Keldysh formula, the k-dependent numerical for- 
mulation, and the Quade formula for the impact-ionization 
transition rate. The experimentally obtained data are also 
shown in both figures. The experimental results of van Over- 
straeten and DeMan, 33 Grant, 34 and Woods, Johnson, and 
Lambert 35 for electron-initiated impact ionization in silicon 
are plotted in Fig. 3. These data comprise a representative set 
of data which cover the full range of experimental measure- 
ments for electron-impact ionization in silicon. The experi- 
mental measurements of Bulman et a/. 36 are plotted for gal- 
lium arsenide in Fig. 4. 
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FIG. 2. Calculated interband impact-ionization transition rate for the first 
and second conduction band in bulk GaAs as a function of k x and ky ( k t is 
fixed at 0.0) within the reduced zone of the first Brillouin zone obtained by 
the analytical formulation based on the Quade model. Initiating electron is 
in (a) the first conduction band and (b) the second conduction band. 


In the case of silicon, good agreement with the data of 
Woods and co-workers is obtained for the k-dependent nu- 
merical formulation, as was also reported previously. No 
adjustable parameters for the impact-ionization transition 
rate are used in this case. Very similar results can be obtained 
using the Quade formulation by choosing the values for the 
parameter F in Eq. (7) equal to 0.24 for both the first and 
second conduction bands. F corresponds to an * average 
value of the squared overlap integrals. The squared overlap 
integrals always have value between 0 and 1. In the analyti- 
cal model of Quade and co-workers 22 and that presented 
here, F is treated as a parameter which is chosen so as to 
yield good agreement with experiment. Best agreement with 
the low range of silicon experimental data occurs for 
F=0.24 given the phonon scattering rate adopted here. The 
calculated silicon impact-ionization rate obtained using the 
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1/EI«ctrlc Field (10 *6 em/V) 

FIG. 3. Calculated and experimental results for the electron impact- 
ionization coefficients in bulk silicon plotted as a function of inverse electric 
field. Results of the calculations of the ionization rate including the Keldysh 
formula, k-dependent numerical, and Quade model are presented. Experi- 
mental results of Refs. 33, 34, and 35 are also shown. FI and F2 represent 
the values of the averaged squared overlap integrals used in the Quade 
model for bands 1 and 2, respectively. 


Keldysh formula with p = 0.02 and £ lh — 1.13 eV is also 
shown in Fig. 3. A value of p of about 0.02 is typically 
considered to correspond to a soft threshold. In contrast to 
both k-dependent models, better agreement with the higher 
range of experimental measurements can be seen for this 
particular choice of threshold and p\ however, a different 
choice of the parameter F within the Quade formulation 
would also provide a better fit to the higher range of experi- 
mental data as well. 

In gallium arsenide the dependence of the impact- 
ionization rate on the inverse electric field obtained using the 
numerical, the Quade models with F— 0.05 and 0.005 for 
the first and second conduction band, respectively, and the 
Keldysh formula with p = 0.02, £ lh =1.85 cV for the 
impact-ionization transition rate, shows in all three cases 
fairly good agreement with the experimentally measured data 



FIG. 4. Calculated and experimental results for the electron impact 
ionization coefficients in bulk gallium arsenide plotted as a function o 
inverse electric field, using the Keldysh formula, k-dependent numerical 
and Quade model. Experimental results shown are those of Bulman et at 
(Ref. 36). FI and F2 represent the values of the averaged squared over!a{ 
integrals used in the Quade model for bands 1 and 2, respectively. 
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FIG. 5. Histogram showing the percentage of ionization events originating 
from the first and second conduction bands in silicon for (a) the k-dependent 
numerical formulation and (b) the Quade formulation. 


(Fig. 4). It should be noted that in the case of the approach 
based on the Quade formula, the selection of the fitting factor 
F for the first conduction band essentially does not play any 
role due to the negligible impact-ionization transition rate of 
the electrons in the first conduction band with respect to the 
second conduction band. 

The percentage of ionization events originating from the 
first and the second conduction band in bulk silicon as a 
function of applied electric field is plotted in Fig. 5(a) for the 
numerical model and in Fig. 5(b) for the model based on the 
Quade formula. At the applied electric fields investigated 
here the impact-ionization events originate predominantly in 
the second band in both cases. Therefore, on the basis of 
these reports, it appears that most electron-initiated ioniza- 
tion events originate from electrons within the second con- 
duction band. The number of events originating in the first 
conduction band is found to be higher for the numerical 
model than for the model using the Quade formula at the 
field of 250 kV/cm, while for higher fields this difference 
vanishes. This slightly different behavior of the two models 
at low fields is caused by the fact that the threshold energy 
for impact ionization is about 1.32 eV in the Quade model 
for the particle originating in the first conduction band and 
2.11 eV for the second conduction band, while for the nu- 
merical model the threshold energy value is not well defined. 



Energy (eV) 

FIG. 6. The electron number density function in silicon, defined as the 
product of the density-of-states function and the electron distribution func- 
tion, at an applied electric field of 500 kV/cm, calculated using the 
k-dependent numerical model and the Quade model. 


Instead, in the numerical model ionization is possible at all 
states with energy greater than the band gap which are found 
to satisfy the momentum and energy conservation conditions. 
Therefore, there is no sharp threshold energy, other than the 
band gap, below which ionization cannot occur and above 
which ionization does occur. Thus, the contribution of the 
first conduction band at low fields can be expected to be 
higher when the numerical model is used. 

The effect of the second conduction band on the impact- 
ionization rate in gallium arsenide is even more important 
than in silicon. The impact-ionization transition rate for elec- 
trons in the first conduction band is much lower than the rate 
within the second conduction band in both models as can be 
seen from Figs. 2(a) and 2(b) and from Ref. 16. As a result, 
virtually all the electrons which impact ionize originate 
within the second conduction band. The effect is even stron- 
ger using the Quade formulation than the numerical formu- 
lation. Though the value of F used in the analytical formu- 
lation is unknown a priori, i.e., without first comparing the 
calculations to experiment, it should be noted that F can 
never be greater than 1. Therefore, given that the transition 
rate of electrons within the first conduction band is several 
orders of magnitude lower than from the second conduction 
band with F= 1, as shown by Figs. 2(a) and 2(b), it is clear 
that the first conduction band plays no significant role in 
impact ionization in bulk GaAs for reasonable values of F. 
Hence, in either the numerical or analytical k-dependent 
models the predominant source of ionizing electrons in bulk 
GaAs is carriers within the second conduction band. 

The electron number density function defined as the 
density-of-states function multiplied by the electron distribu- 
tion function, is shown in Fig. 6 for silicon at an applied 
electric field of 500 kV/cm for both the numerical 
k-dependent model and the Quade model. In both cases, the 
number of electrons which survive to high energies is rela- 
tively high. The second peak in each of the figures corre- 
sponds to the electron population in the second conduction 
band and is slightly larger for the Quade model. Both models 
essentially confirm previous results 37 " 39 that the threshold in 
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FIG. 7. The electron number density function in gallium arsenide, defined as 
the product of the density-of-slates function and the electron distribution 
function, at an applied electric field of 500 kV/cm, calculated using the 
Independent numerical model and the Quade model. 

silicon is exceedingly soft and that the electrons can reach 
energies substantially higher than the band gap before they 
impact ionize. 

The electron number density functions in gallium, ars- 
enide are plotted in Fig. 7 calculated using the k-dependent 
numerical and Quade models for the applied electric field of 
500 kV/cm. In both cases the distribution functions are simi-/ 
lar and the effect of the second conduction band (the second 
peak at higher energies) is again slightly larger in the Quade 
model. Notice that the number distribution remains substan- 
tially large at high carrier energies indicating an exceedingly 
soft effective threshold for impact ionization in GaAs. Again 
these results are consistent with previously reported 
observations. 29 

The energy-dependent impact-ionization transition rate, 
derived from the k-dependent rate in a manner described in 
Ref. 15, is plotted in Fig. 8 for the numerical k-dependent 
formulation and the Quade formula, respectively, for silicon. 



FIG. 8. Calculated impact-ionintion transition rate in silicon as a function 
of electron energy measured from the conduct ion -band minimum. The 
energy-dependent rale is calculated by performing a further integration of 
the k-dependent rate following the approach explained in Ref. 15 for the 
numerical and Quade models; the results of Kane (Ref. 40) and Cartier et al 
(Ref. 41) and Kamakura et al (Ref. 19) are also shown. 


FIG. 9. Calculated impact-ionization transition rate in gallium arsenide as a 
function of electron energy measured from the conduction-band minimum 
using the k-dependent numerical model and the Quade model. The energy- 
dependent rate is calculated by performing a further integration of the 
k-dependent rale following the approach explained in Ref. 15. The energy- 
dependent rate obtained by Stobbe and co-workers (Ref. 21) is also in- 
cluded. 

The results of Kane, 40 Kamakura et a/., 19 and the recently 
published ionization transition rate of Cartier et a/. 41 deter- 
mined from a comparison of Monte Carlo simulations and 
soft-x-ray photoemission spectroscopy (XPS) measurements 
are shown as well. The numerically calculated transition rate 
is almost identical with that of Cartier et ai up to an energy 
of 4 eV, and seems to be closer to the results of Kane in the 
high-energy region. Recently, also, Kunikiyo et ai have 
performed similar calculations of the silicon interband 
impact-ionization transition rate. Their calculations are in ex- 
cellent agreement as well with the transition rate of Cartiei 
et al AX The transition rate obtained on the basis of the Quade 
formula agrees well with the numerical model between 2 and 
4 cV, while a lower rate is predicted in the low- and high- 
energy regions. 

The energy-dependent impact-ionizocion transition rat< 
for gallium arsenide, calculated using the numerical ap 
proach of Wang and Brennan 16 and the Quade formula, re 
spectively, are shown in Fig. 9. Stobbe and co-workers 
have also recently calculated the impact-ionization transitior 
rate in bulk GaAs. Their calculations, based on the fitting 
formula quoted in Ref. 21, are included in Fig. 9 for com 
parison. Inspection of Fig. 9 shows that the maxima of th< 
transition rate, based on both the numerical model of Wanj 
and Brennan 16 and the Quade model, occurs near 3 eV if 
GaAs. The maximum region is more pronounced for the 
Quade formulation than in the case of Wang and Brennan’; 
numerical model. The origin of the maximum can be possi 
bly understood within the analytical formulation, since the 
transition rate involving each valley can be individually 
evaluated. The maximum in the transition rate is due to th* 
collision of an electron within the second conduction bam 
with an electron in the heavy-hole band, after which the elec 
trons occupy states either both in the T valley (the lowe 
peak below 3.0 eV) or one is in the T valley and the other i; 
the L valley (the higher peak close to 3.4 eV). In both cases 
a transition of the initiating electron from the second conduc 
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tion band to the first one with only a slight change of the k 
vector (a near-vertical transition, as explained in Ref. 42) 
contributes to the final values of the transition rate. Near- 
vertical transitions have a significantly greater rate owing to 
the fact that the denominator in Eq. (3) becomes very small 
under these conditions . 42 This region may be somewhat un- 
realistically pronounced in the Quade formulation due to the 
fact that the value of the overlap integrals is taken as an 
averaged constant. The actual values of the overlap integrals 
in this region may be quite small thereby reducing the rate if 
calculated. It is much more difficult to isolate the physical 
origin of the maximum in the numerical model. In this case, 
a similar classification would be questionable, mainly due to 
the uncertainty in how the “valleys’* are defined in the real 
band structure. Inspection of Fig. 9 also shows that the study 
of Stobbe and co-workers 21 predicts a higher ionization tran- 
sition rate from the results presented here. The cause of this 
discrepancy may be due to the inclusion of a 4 - dependent 
dielectric function in Stobbe and co-workers* formulation as 
well as differences in the energy band structure utilized in 
the two calculations. In Stobbe and co-workers’ work the 
band structure is calculated using an empirical pseudopoten- 
tial method in contrast to the k-p method adopted in the 
present work. 

To further investigate the impact-ionization transition 
rate formulations, the energy dependence of the quantum 
yield was also calculated for both the numerical and Quade 
models. The quantum yield is defined as the average number 
of impact-ionization events caused by a high-energy injected 
electron until its kinetic energy relaxes below the ionization 
threshold through scattering and/or ionization events. While 
the impact-ionization coefficient strongly depends on the en- 
ergy distribution function and therefore mainly on the inelas- 
tic electron-phonon scattering rate, the quantum yield is al- 
most a linear function of the ratio of the ionization transition 
rate to the electron-phonon scattering rate . 41 The quantum 
yield provides a useful means of assessing the relative hard- 
ness or softness of the impact-ionization threshold and en- 
ables an additional, independent evaluation of the appropri- 
ateness of the model used. 

To the authors* knowledge, the only presently existing 
experimentally based data for the quantum yield apply to 
bulk silicon. Calculations of the quantum yield in silicon are 
presented in Fig. 10 using both the numerical and Quade 
models. The data of Cartier et a /., 41 derived from a compari- 
son of Monte Carlo simulations and XPS measurements, 
which were shown to be in good agreement with other 
measurements , 41 are also plotted in Fig. 10 for comparison. 
While fairly good agreement over the full energy range be- 
tween the model based on the numerically calculated ioniza- 
tion rate and the data from Ref. 41 can be seen, the Quade 
formula predicts a quantum yield which is substantially 
lower in the low-energy region. Nevertheless, the Quade for- 
mula results correspond fairly well to the other data above 
2.5 eV. These results can be understood on the basis of the 
threshold energy for impact ionization. In the case of the 
Quade formula the threshold energy is well defined and is 
substantially higher than the value of the gap. Subsequently 
the ionization-transition rate in this region is lower for the 



FIG. 10. Calculated quantum yield as a function of electron energy in sili- 
con measured from the conduction-band minimum, obtained using the 
k-dependent numerical model and the Quade model. Results of Cartier et al. 
(Ref. 41) are also shown. 


Quade model, as can be seen in Fig. 8 , which results in a 
lower quantum yield. Conversely, in the numerical model, 
the effective threshold is simply the energy gap and subse- 
quently ionization events can possibly occur at low energies 
in this model leading to a higher quantum yield. 

Although no experimental data for bulk GaAs are pres- 
ently available, it is nevertheless instructive to compare the 
calculated quantum yield dependencies on energy using the 
numerical and Quade models. The calculated quantum yield 
versus electron energy in GaAs using the numerical and 
Quade models is shown in Fig. 11. Comparison of the calcu- 
lations reveals good correspondence between these two mod- 
els in the energy range from 2.5 to 3.5 eV, while at higher 
energies the Quade model [with the particular choice of the 
prefactor F appearing in Eq. (7), as described above] predicts 
a lower quantum yield than the numerical model. At lower 
energies the Quade model predicts a higher quantum yield 
than the numerical model. This discrepancy can be under- 
stood as follows. An identical phonon scattering rate is used 
in both models of the ionization rate. As stated by Cartier 
et al. 41 the quantum yield depends linearly upon the ratio of 
the impact-ionization transition rate to the phonon scattering 



Energy (eV) 

FIG. 11. Calculated quantum yield as a function of electron energy in gal- 
lium arsenide measured from the conduction -band minimum, obtained using 
the k-dependent numerical model and the Quade model. 
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rate. Subsequently, the quantum yield within each model, 
given that the scattering rates are identical, depends then 
simply upon the ratio of the transition rates and will follow 
the same trends as shown in Fig. 9. 

The value of the overlap integrals used in the evaluation 
of the transition rate given by Eqs. (2) and (3) is evaluated 
directly in the numerical approach. As mentioned above, this 
requires extensive numerical computation. By approximating 
these overlap integrals as a constant, the factor F in Eq. (7), 
a new single parameter is introduced greatly reducing the 
numerical complexity required to evaluate the transition rate 
but at the expense of a new unknown parameter. In the cal- 
culations presented above, F is adjusted such that the ana- 
lytical model yields satisfactory agreement with the experi- 
mental data. To check to see if the determined values of F 
are reasonable, it is useful to compare these values to those 
determined using the sum rule quoted by Ridley. 11 Using the 
sum rule, the squared overlap integral between the first con- 
duction band and the heavy-hole band in gallium arsenide is 
determined to be 0.38. More elaborate calculations made by 
Burt el al . 43,44 using wave functions obtained from a k p 
calculation show that this value is ~10 2 , which is in fair 
agreement with the results presented here for GaAs, 
F=0.005 for the second conduction band. In the case of 
silicon, the value F = 0.24 obtained for the impact ionization 
originating in both the first and second conduction bands, is 
higher than the value of F"* 0.0 5, 45 or F=0.01, quoted in 
Refs. 46 and 47, obtained by theoretical evaluations. It 
should be noted, though, that a discrepancy between the ex- 
perimentally determined recombination coefficients for Au- 
ger recombination, and the theoretically obtained ones, 
which also contain the same overlap integrals, was observed 
in bulk silicon. This discrepancy is thought to be possibly 
due to an underestimation of the overlap integrals by roughly 
an order of magnitude. 48 


IV. CONCLUSIONS 

In this article the electron interband impact-ionization 
rate calculated by an ensemble Monte Carlo simulation has 
been presented for both bulk silicon and gallium arsenide 
with the expressed purpose of comparing different formula- 
tions of the transition rate. Specifically, three different treat- 
ments of the transition rate are examined: the traditional 
Keldysh formula, a new k-dependent analytical formulation 
first derived by Quade and co-workers, 22 and a more exact, 
numerical method of Wang and Brennan. 15,16 The numerical 
method of Wang and Brennan 15,16 contains no readily adjust- 
able parameters and is similar to other numerical techniques 
that are currently attaining prominence. The numerical tech- 
nique thus serves as a standard to which the Quade result has 
been compared. Unfortunately, the completely numerical 
technique, although fundamentally based, requires extensive 
numerical computation making it somewhat unattractive. As 
is well known, the Keldysh formula, although commonly 
used in Monte Carlo calculations of the impact-ionization 
rate owing to its relative simplicity and computational effi- 
ciency, suffers from several limitations as well. Chief among 
these is the fact that it is derived assuming parabolic energy 
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bands for all of the participating carriers, and includes no k 
dependence in the rate. Additionally, due to its reliance on 
two adjustable parameters, more than one set of parameters 
can be used within the Keldysh formula to produce satisfac- 
tory agreement with experiment. As a result, the Keldysh 
formula cannot by itself predict whether a material has a soft 
or hard ionization threshold. Therefore, there is a need to 
develop a more computationally efficient transition rate for- 
mulation than the direct, numerical technique, yet retain the 
k dependence and details of the band structure in its formu- 
lation. In this way, the physical nature of the ionization pro- 
cess can be preserved (soft or hard threshold, etc.) while 
maintaining computational efficiency. The Quade formula, 
although it contains one adjustable parameter corresponding 
physically to the squared overlap integrals of the periodic 
parts of the Bloch functions, includes the full details of the 
band structure for the initiating carrier. In this article, we 
have provided the first comparison of this formula to the 
numerical technique to determine if this approach yields 
qualitatively similar results while providing far better com- 
putational efficiency. 

The calculations presented here show that the model 
based on the Quade formulation produces similar results to 
the completely numerical calculations for some quantities, 
primarily the ionization rate as a function of field. In con- 
trast, to the Keldysh formula, where no k-vector dependence 
of the impact-ionization transition rate is included, the tran- 
sition rate in the k-dependent numerical and analytical 
(Quade formula) cases is shown to be strongly dependent on 
the initiating electron k vector. It is also shown that both 
k-dependent models predict that the second conduction band 
dominates the ionization process in GaAs and silicon; how- 
ever, the quantum yield predicted using the analytical model 
of Quade and co-workers 22 does not agree closely with the 
available experimentally derived data of Cartier et a/. 41 or 
that predicted using the numerical model of Wang and 
Brennan. 15,16 As such the Quade formula, although far more 
complete than the Keldysh formula, may not be a completely 
reliable replacement for the numerical models in many situ- 
ations. 

Further comparison of the Quade and numerical models 
reveals that they predict that the effective threshold for im- 
pact ionization is relatively soft, implying that the carriers 
drift to substantially high energies before suffering an ioniza- 
tion event. It is shown that the average energy of the elec- 
trons is high when compared to that expected for a hard 
threshold model. Thus, many of the important qualitative re- 
sults obtained by adopting the computationally intensive nu- 
merical approach, i.e., the dominance of the second conduc- 
tion band, the nature of the ionization threshold, and the 
importance of the k dependence, can be recovered if the 
analytical k-dependent formulation of Quade and 
co-workers 22 is used. Use of the Quade formula may not 
always be fully justifiable, however, since it contains some 
ad hoc parametrization which cannot be ascertained from 
first principles and it apparently does not reproduce the quan- 
tum yield data. Additionally, it is possible that the Quade 
formula may overestimate the impact-ionization transition 
rate at those points in the k space where near-vertical transi- 
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iions arc allowed due to the failure to include the actual 
values of the overlap integrals for these transitions. 
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Delta-Doped p-i-n Quantum- Well APD’s 

Yang Wang, Member , IEEE , and Kevin F. Brennan 


Abstract — We examine the basic design issues in the optimiza- 
tion of GaAs delta-doped and AIGaAs delta-doped quantum- 
well avalanche photodiode (APD) structures using a theoretical 
analysis based on an ensemble Monte Carlo simulation. The 
devices are variations of the p-i-n doped quantum-well structure 
previously described in the literature. They have the same low- 
noise, high-gain and high-bandwidth features as the p-i-n doped 
quantum-well device. However, the use of delta doping provides 
far greater control of the doping concentrations within each stage 
possibly enhancing the extent to which the device can be depleted. 
As a result, it is expected that the proposed devices will operate 
at higher gain levels (at very low noise) than devices previously 
developed. 

I. Introduction 

A VALANCHE photodiodes (APD’s) made from com- 
pound semiconductors (such as GaAs, InP, etc.) have 
attracted much attention for light detection because they are 
spectrally well matched to the wavelengths of interest in 
communications and imaging systems. For high-gain, high- 
speed, and low-noise operation, it is very important that 
avalanching devices exhibit single-carrier-initiated, single- 
carrier-multiplication (SCISCM) [1]. However, most bulk 
compound semiconductors have nearly equal electron and 
hole ionization coefficients [2]. Hence, APD’s made from 
these bulk semiconductor compounds exhibit poor noise 
performance [3]. 

Chin et ai [4] first suggested that the electron ionization rate 
can be selectively enhanced over the hole ionization rate by 
using a multiquantum-well structure. In such devices, layers 
of narrow bandgap material are sandwiched between layers 
of wide bandgap material. Due to the nonlinear dependence 
of the ionization rate on the electric field, the ionization rate 
may be enhanced over the corresponding bulk rate in such 
a device [5]. Capasso later recognized that this concept of 
“bandgap engineering” offers a new dimension to semicon- 
ductor device design [6], which has lead to the suggestion 
of many new device concepts. Specifically, in addition to 
the simple multiquantum-well APD first introduced, many 
alternative APD device structures have been devised. 

Among the various device structures introduced, doped 
quantum-well structures [7], [8] seem to be the most promis- 
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ing. The basic structure of the doped quantum-well devices 
consists of alternating layers of wide and narrow bandgap 
material, with a p-i-n region formed within the wide bandgap 
layer. Each unit cell contains five separate layers. These 
are p-i-n doped regions within the wide bandgap material, 
typically AIGaAs, followed by a nearly intrinsic relatively 
small bandgap material, typically GaAs, and a nearly intrinsic 
wide bandgap, AIGaAs, layer. Application of a reverse bias 
to the device acts to deplete the built-in junctions, leading 
to an asymmetric electric field profile within each unit cell. 
The combined action of the built-in electric field, overall 
bias field, and the conduction bandedge discontinuity acts 
to heat the electrons to high energy upon their injection 
into the narrow-gap layer. It is within the narrow gap layer 
that most ionization events occur. The holes, on the other 
hand, are injected from the high field, p-i-n layers, into 
the wide gap, nearly intrinsic AIGaAs layer, where they 
cool prior to entering the small bandgap GaAs region. The 
hole temperature then is substantially less than the electron 
temperature within the GaAs layer. As a result, the electron 
ionization rate is very much larger than the hole ionization 
rate. Monte Carlo calculations indicate that these devices 
can possibly show approximately four orders of magnitude 
enhancement in the ratio of electron and hole ionization 
rates over the corresponding ratio for bulk materials [8]. The 
large enhancement of the electron-to-hole ionization rate ratio 
apparently stems from the asymmetric heating of the electron 
and hole distributions prior to their injection into the narrow 
gap layer. 

Though the original design [7], [8] offers the potential 
of high gain at low noise, its experimental realization is 
presently difficult to reliably achieve due to the high doping 
concentrations that are required within the wide-gap AIGaAs 
layer. Currently, high n-type doping of AIGaAs is difficult to 
attain. In order to circumvent the practical limitation placed on 
the doping concentrations, an alternative design was suggested 
by Brennan et al. [9]. In this design, high doping within 
the wide-bandgap material is avoided by forming the p-i- 
n layer within the narrow-gap region. With the proposed 
modification, the p-i-n doped quantum-well device is predicted 
to again show a substantial enhancement of the electron-to- l 
hole ionization rate ratio. As such, low-noise, high-gain and ; 
large-bandwidth behavior should be attainable. | 

Experiments made by Aristan et a!. [10] on GaAs based ^ 
doped p-i-n devices have shown promising results, demon- j 
strating the lowest noise performance of any compound semi- ? 
conductor APD ever measured to date. However, their devices i 
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failed to exhibit low-noise performance at gains greater than 
5. It is speculated that the increased noise at high gain levels 
arises from the failure to fully deplete all of the stages of 
the device due to an imbalance in the n and p type doping 
concentrations present within each stage [11]. It is believed 
that only some of the stages within the device then become 
depleted by the reverse bias. As a result, a further increase 
of the reverse bias increases the overall field within the 
device. Subsequently, the breakdown at higher bias is due 
predominately to the action of the overall electric field and not 
from the built-in p-i-n layers. As a result, the hole ionization 
rate begins to become important, leading to a significant 
increase in the noise of the device, as has been observed. 
Due to the fact that the doping concentrations are extremely 
high within the original doped p-i-n APD designs, even small 
variations in the doping concentrations can lead to significant 
charge imbalance. It is desirable, then, to develop a design in 
which control of the doping concentration can be enhanced 
enabling the full depletion of the active region. If all of 
the stages of the device can be fully depleted, then electron 
ionization should occur within each stage, greatly increasing 
the gain of the overall device. 

In this paper we present a new variation of the original 
doped p-i-n APD devices. In the new structures, the built-in 
p-i-n junctions are formed through the use of delta doping 
[12] instead of volume doping. Single sheets of dopants are 
selectively added to form p-i-n junctions within either the 
AlGaAs or GaAs layers. It is expected that the device can 
be more readily depleted since charge balance within each 
stage is more easily achieved. Through a judicious choice 
of the doping concentration within each sheet, and the other 
device parameters, low-noise operation at higher gain than 
measured before should be possible. Calculations based on a 
many-particle ensemble Monte Carlo simulation are presented 
here to illustrate the basic design criteria and to evaluate the 
potential of the delta-doped APD device. In Section II, the 
device structure and a brief review of the modeling procedure 
are discussed. The calculated results are discussed in Section 
III. Finally, conclusions are drawn in Section IV. 


II. Device Structure and Model Description 

The first device structure proposed, which is a modification 
of the narrow-bandgap-material-doped (in our case, GaAs- 
doped) quantum-well structure consists of repeated unit cells 
of AlGaAs and delta-doped p-i-n GaAs layers as shown in 
Fig. 1. The second device structure is similar to the first 
one, but the doping layers are placed within a wide-bandgap 
material (AlGaAs-doped). Therefore, the two designs are 
similar except for the fact that in the second structure, the 
doping layers and intrinsic layer sandwiched between them are 
formed in AlGaAs rather than GaAs, as shown in Fig. 1. The 
top layer of the structures can be formed of either p + GaAs or 
p + Al x Gax_ x As, depending upon the spectral requirements. If 
the top layer is chosen to be GaAs, an intrinsic layer between 
the absorption layer, and the intrinsic AlGaAs layer is needed 
to avoid electron trapping at the first heterostructure interface. 


i - p doping {-a doping 




I Distance Along the Device 

Fig. 1. Sketch of the basic unit cell of the device, along with the electric 
field profile. 


For the GaAs-doped structure, the basic unit cell has five 
layers made of two materials with different bandgaps. The p- 
and n-doped layers are formed in the narrow-bandgap material, 
GaAs, and are composed of about only one monolayer. As 
in the original design [9], the electrons move from left to 
right in the diagram, while the holes move in the opposite 
direction. The electrons traverse into the high-field region from 
the widegap material, and are heated by the combined action 
of the built-in field of the p-i-n layers and the overall applied 
bias field prior to the injection into the low-field, narrow- 
bandgap layer. Conversely, after being heated by the built-in 
electric field, the holes are injected into the wide bandgap 
layer, where the ionization threshold is much higher. Hence, 
few if any hole ionization events will occur. If the high- 
field layer width is chosen in such a way that the holes are 
not heated sufficiently to reach ionization threshold, then the 
hole ionization can be fully suppressed. At the same time, a 
substantial electron ionization rate may be retained, because 
the electrons reach their peak energy within the narrow-gap, 
GaAs layer. The key issues in design of this device are that 
the high-field region must be sufficiently narrow, and the built- 
in field be sufficiently low so that the holes do not impact 
ionize within the GaAs, yet significant electron ionization is 
still retained. 

In the case of the AlGaAs doped structure, the doped 
layers are formed in the wide-bandgap material, AlGaAs. 
This variation of the device is often called the doped barrier 
device. The electrons are heated in the high-field region in the 
AlGaAs layer prior to injection into the GaAs layer. Though 
the key issues in design of this device are still that the high- 
field region must be narrow enough and the built-in field be 
sufficiently low to suppress hole ionization, the conditions are 
less restrictive in this structure than that of the GaAs-doped 
structure, due to the fact the ionization threshold is higher in 
the AlGaAs layer. 

The analysis of the device presented here is based on 
an ensemble Monte Carlo simulation incorporating the full 
details of the band structures, all the relevant phonon scattering 
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TABLE I 

Effect of Variations of Layer Widths. Built-in Field Strength, and Applied Electric Field Strength 
on the Calculated Electron and Hole Ionization Coefficients in a GrAs-Delta-Doped MQW Structure 

Device Structure 

Low-Field GaAs Layer Width = 200 A Applied Field = 75 kV/cm 
Built-in Field = 500 kV/cm AlGaAs Layer Width = 500 A 
High-Field GaAs Layer Width = 200 A 


Case 1: Varying the High-Field Layer Width 


High Field GaAs 

Built-in Field 

a 

P 


Q 

% of Holes 

Layer Width (A) 

(kV/cm) 

(cm -1 ) 


(cm -1 ) 


Ionizing 

200.0 

500.0 

7.45 x 10 3 

0.095 

0.0 

0.0 

0.0 

225.0 

500.0 

1.06 x 10 4 

0.125 

3.23 x 10 1 

2.97 x 10" 4 

0.22 

250.0 

500.00 

1.45 x 10 4 

0.173 

9.7 x 10 1 

9.2 x 10~ 4 

0.67 

Case 2: Varying the Built-in Field 

High Field GaAs 

Built-in Field 

a 

P 

0 

Q 

% of Holes 

Layer Width (A) 

(kV/cm) 

(cm -1 ) 


(cm -1 ) 


Ionizing 

200.0 

500.0 

7.45 x 10 3 

0.095 

0.0 

0.0 

0.0 

200.0 

525.0 

1.03 x 10 4 

0.123 

1.6 x 10 1 

1.45 x 10~ 4 

0.11 

200.0 

550.00 

1.29 x 10 4 

0.155 

3.4 x 10 l 

3.0 x 10~ 4 

0.22 

Case 3: Varying the Applied Electric Field, (High-Field Layer Width 

1 = 200.0 A) 




Applied Field 

Built-in Field 

a 

p 

i3 

Q 

9c of Holes 

(kV/cm) 

(kV/cm) 

(cm -1 ) 


(cm 1 ) 


Ionizing 

75.0 

500.0 

7.45 x 10 3 

0.095 

0.0 

0.0 

0.0 

85.0 

500.0 

9.65 x 10 3 

0.113 

3.1 x 10* 

2.94 x 10 -4 

0.22 

100.0 

500.00 

1.30 x 10 4 

0.134 

5.73 x 10 1 

5.2 x 10~ 4 

0.44 

Case 4: Varying the Low-Field AlGaAs Layer Width (Low-Field GaAs Width = 150 A) 

Low-Field 







AlGaAs Layer 

Built-in Field 

Q 

P 

l3 

Q 

% of Holes 

Width (A) 

(kV/cm) 

(cm -1 ) 


(cm -1 ) 


Ionizing 

500.0 

500.0 

8.31 x 10 3 

0.078 

0.0 

0.0 

0.0 

450.0 

500.0 

8.0 x 10 3 

0.076 

3.1 x 10* 

2.5 x 10 -4 

0.22 

400.0 

500.00 

8.7 x 10 3 

0.075 

7.5 x 10 1 

5.6 x 10" 4 

0.56 


mechanisms, and the Keldysh formula [8] for the impact 
ionization transition rate using a moderately soft threshold 
energy. The full details of our approach have been reported 
exhaustively in the literature [8], [9], [13] and will not be 
repeated here. Through computer experiments, the effect of the 
device geometry and electric fields on the device performance 
can be isolated and independently assessed. 

III. Calculated Results 

In general, the ionization rates depend upon several inde- 
pendent device parameters, such as the layer widths, doping 
concentrations (i.e., the built-in field strength), and the applied 
electric field strength. This dependence can be most easily 
studied through computer experiments. One parameter at a 
time is varied, and its effect on the ionization rates and other 
quantities of interest, such as trapping, is determined. In this 
way, the optimal design of the device can be reached. 

There are five independent parameters that can be adjusted 
in the computer experiments: the applied electric field, the 
built-in electric field, which is related to the charge density 
by the equation Ei = qd/e [12], the high-field layer width, 
the low-field GaAs layer width, and the low-field AlGaAs 
layer width. The high-field layer width is defined as the 


layer sandwiched between the two delta-doped regions, as 
shown in Fig. 1. The low-field AlGaAs layer is the first layer 
immediately to the right of the p+ contact, as shown in Fig. 1. 
The low-field GaAs layer is the layer placed immediately 
to the right of the n-type delta-doped region. There are two 
major issues that govern the device performance. First, the 
electron temperature must be high within the GaAs layer 
to obtain a high impact ionization rate. Second, the hole 
temperature within the GaAs layer must be low enough to 
inhibit hole ionization. In the following we will examine how 
each individual device parameter influences the two design 
issues. 

Table I shows the effects of the variation of different 
device parameters on the electron and hole impact ionization 
probabilities per stage, P and Q respectively, for the GaAs 
doped device. The electron and hole ionization rates as a 
function of inverse distance, a and /?, are also reported. 
Because the hole ionization rate is designed to be and is 
calculated to be small for the designs considered, we report 
the percentage of holes that ionize in addition to Q and (3 . The 
device parameters and electric field strengths are listed at the 
top of the table. For each case listed, one parameter is varied at 
a time keeping the other parameters fixed at their original listed 
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TABLE 11 

Effect of Variations of Layer Widths, Built-in Field Strength, and Applied Electric Field Strength on 
the Calculated Electron and Hole Ionization Coefficients in an AlGaAs-DELTA-DoPED MQW Structure 


Device Structure 




Low-Field GaAs Layer Width = 

100 A Applied Field = 175 kV/cm 





Built-in Field = 400 kV/cm 

AIGaAs Layer Width = 500 A 





High-Field GaAs Layer Width = 

150 A 



Case 1: Varying the High-Field Layer Width 

High Field 

Built-in Field 

Q 

P 

3 

Q 

% of Holes 

AIGaAs Layer 

(kV/cm) 

(cm -1 ) 


(cm -1 ) 


Ionizing 

Width (A) 







150.0 

400.0 

1.47 x HT 1 

0.110 

0.0 

0.0 

0.0 

175.0 

400.0 

2.04 x 10* 

0.159 

1.39 x 10* 

1.08 x 10"* 

0.11 

200.0 

400.00 

2.42 x 10* 

0.194 

5.G4 x 10 1 

4.51 x 10 _ * 

0.44 

Case 2: Varying the Built-in Field 

High Field 

Built-in Field 

a 

P 

3 

(cm -1 ) 

Q 

% of Holes 

AIGaAs Layer 

(kV/cm) 

(cm -1 ) 



Ionizing 

Width (A) 







150.0 

400.0 

1.47 x 10* 

0.110 

0.0 

0.0 

0.0 

150.0 

425.0 

1.75 x 10* 

0.132 

2.63 x 10 1 

2.12 x 10-* 

0.22 

150.0 

450.00 

2.14 x 10* 

0.160 

2.81 x 10 l 

2.11 x 10"* 

0.22 

Case 3: Varying the Applied Electric Field (High-Field Layer Width 

= 200.0 A) 




Applied Field 

Built-in Field 

a 

p 


Q 

7c of Holes 

(kV/cm) 

(kV/cm) 

(cm -1 ) 


(cm l ) 


Ionizing 

175.0 

400.0 

1.47 x 10* 

0.110 

0.0 

0.0 

0.0 

185.0 

400.0 

1.G9 x 10* 

0.126 

4.0 x 10 l 

3.0 x 10"* 

0.33 

200.0 

400.00 

2.08 x 10* 

0.154 

7.73 x 10 1 

5.8 x 10-* 

0.67 

Case 4 : Varying the Low-Field AIGaAs Layer Width 

Low-Field 
AIGaAs Layer 

Built-in Field 

a 

P 

4 

Q 

7c of Holes 

Width (A) 

(kV/cm) 

(cm -1 ) 


(cm 1 ) 


Ionizing 

500.0 

400.0 

1.47 x 10* 

0.110 

0.0 

0.0 

0.0 

450.0 

400.0 

1.55 x 10* 

0.108 

1.42 x 10‘ 

1.00 x 10-* 

0.1 1 

400.0 

400.0 

l.GG x 10* 

0.109 

2.96 x 10 1 

1.92 x 10"* 

0.22 


values. It is obvious from the table that the electron ionization 
rate is most sensitive to the high-field GaAs layer width, the 
applied electric field, and the built-in electric field strength. 
The electron ionization rate is essentially invariant with respect 
to fluctuations in the low-field AIGaAs layer width, at least 
for the values considered here. The percentage change in the 
electron ionization rate as a function of percentage change in 
each parameter is greatest for changes in the built-in field. 
This is also true for the holes, though the hole ionization rate 
depends nearly as much on the high-field layer width and the 
low-field AIGaAs layer width. Subsequently, the device noise 
and gain performance are most sensitive to fluctuations in the 
doping concentration. Nevertheless, fluctuations in the overall 
bias field and the high-field GaAs layer width can also be 
important. 

Table II shows the effects of the variation of different 
device parameters on the electron and hole impact ionization 
probabilities per stage, P and Q respectively, for the AlGaAs- 
doped device. As in the case of the GaAs-doped structure, 
both the electron and hole ionization rate are very sensitive to 
the high-field layer width, the applied electric field, and the 
built-in electric field strength. However, the difference here 


is that the percentage change in the hole ionization rate as a 
function of percentage change in each parameter is greatest for 
changes in the applied electric field. This is because, first that 
the high-field region lies within the wide-bandgap material, 
where the ionization threshold is higher. Second, the applied 
field used in the simulation is relatively high, chosen so as to 
avoid hole trapping at the heterointerface. The applied field 
alone is close to that needed to cause hole ionization within 
GaAs. Therefore, a small increase in the applied field will lead 
to a relatively large increase in the hole ionization rate in the 
device. 

The hole temperature in the GaAs low-field layers not only 
depends on the high-field layer width and built-in field, but also 
depends on the AIGaAs layer width, as shown by Case 4 in 
both Tables I and II. The holes must cool within the AIGaAs to 
a temperature low enough that upon reinjection into the GaAs 
layers they do not subsequently obtain the energy necessary 
to impact ionize. If the AIGaAs layer is made too narrow, the 
holes reenter the GaAs with energy sufficiently high to reach 
the ionization threshold in GaAs. On the other hand, if the 
AIGaAs layer is too wide, then the bandwidth of the device 
will suffer. 
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Another important issue that needs to be taken into account 
is carrier trapping. If some of the carriers are trapped within 
the narrow-bandgap layer and are subsequently unable to be 
collected, the resulting device performance is poor. In the 
GaAs-doped structure, since holes enter the wide-bandgap 
material layer after being accelerated in the high-field GaAs 
layer, hole trapping at the heterointerface is negligible. This is 
of course due to the fact that the holes are heated to high energy 
from the action of the built-in field just prior to their encounter 
with the heterointerface. However, the electrons enter the 
wide-bandgap layer after being cooled within the low-field 
GaAs layer. Thus, some electrons may become trapped at 
the heterointerface. In order to explore the effect of carrier 
trapping in the device, we track the electron locations within 
the device and report those locations after 14 ps of simulation 
time. We choose 14 ps of simulation time since the system 
has reached steady-state conditions at this point. Fig. 2 shows 
electron position profiles after 14 ps of simulation time for 
three device structures, varying only in the width of the low- 
field GaAs region. In Fig. 2(a), there is no significant electron 
trapping, as evidenced by the lack of counts in the left tail 
of the distribution. In contrast, as the low-field GaAs layer 
width increases in size, some of the electrons become trapped 
in the initial stages of the device, as can be seen from the 
appearance of counts in the left tail of the distribution in 
Fig. 2(b). Finally, at a low-field GaAs layer width of 200 
A, as shown in Fig. 2(c), electrons are trapped throughout 
the device, as evidenced by the counts everywhere within 
the structure. From these calculations, it is obvious that the 
low-field GaAs layer width needs to be narrow enough such 
that the electrons still retain sufficient energy to overcome the 
barrier formed by the conduction band-edge discontinuity and 
hence avoid trapping. On the other hand, the low-field GaAs 
width should be longer than the mean free distance for electron 
impact ionization. In addition, the GaAs layer width should be 
long enough such that the injected holes can relax the energy 
gained from the valence band-edge discontinuity in order to 
avoid hole multiplication. 

In the AlGaAs-doped design, however, electron trapping 
is less significant than hole trapping. In this case, the hetero- 
junction is formed at the interface between the low-field GaAs 
layer and the delta-doped AlGaAs layer. Since the holes enter 
the GaAs layer already cooled from their transit across the 
low-field AlGaAs layer, when they reach the heterointerface, 
if the applied field is too low, hole trapping can occur. Fig. 3 
shows hole position profiles after 14 ps of simulation time 
for three AlGaAs-doped device structures, varying only in the 
width of the low-field GaAs region. As can be seen from 
Fig. 3(a), there is no significant hole trapping in a design 
with only a 50-A-wide GaAs layer. When the GaAs layer 
is widened, as shown in Fig. 3(b), some of the holes become 
trapped in the initial stages of the device. Finally, there is 
serious hole trapping in Fig. 3(c) when the GaAs layer is 
increased to 200 A in width. As in the case of the GaAs- 
doped structure, the low-field GaAs layer width needs to be 
narrow enough so the holes don’t lose too much energy gained 
from the valence band edge discontinuity. Consequently, they 
can then overcome the barrier and avoid trapping. On the other 
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(a) 




Fig. 2. Electron position profiles after 14 ps simulation time, (a) Low-field 
GaAs layer width = 100 A. (b) Low-field GaAs layer width = 150 A. (c) 
Low-field GaAs layer width * 200 A. Other device parameters are: applied 
field = 75 kV/cm, built-in field « 500 kV/cm, i-GaAs high-field width = 200 
A, i-AlGaAs width = 500 A. 

hand, the gain per stage suffers substantially as the GaAs layer 
width is made smaller. This is due to the emergence of spatial 
quantization effects, which act to increase the effective impact 
ionization threshold energy as well as reduce the effective 
kinetic energy boost from the conduction and valence band 
edge discontinuities [14]. When spatial quantization within the 
GaAs well is appreciable, the electrons and holes can no longer 
thermalize to the conduction and valence band edges. Instead 
they can thermalize at most to the n = 1 states within the 
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Fig. 3. Hole position profiles after 14 ps simulation time, (a) Low-field GaAs 
layer width = 50 A. (b) Low-field GaAs layer width = 100 A. (c) Low-field 
GaAs layer width = 200 A. Other device parameters are: applied field = 
175 kV/cm, built-in field = 400 kV/cm, i-AlGaAs high-field width = 150 A, 
i-AlGaAs width = 450 A. 

well. As a result, the effective bandgap increases leading to a 
decrease in the impact ionization rate. 

It should be noted that the trapping calculation made using 
the Monte Carlo simulation serves only as an estimate of the 
degree of trapping present in the device. The inclusion of 
quantum mechanical effects at the interface may reduce the 
carrier trapping problem, since spatial quantization levels form 
in which the carriers accumulate. As a result, the carriers do 
not thermalize to the band edge, resulting in a reduced effective 
barrier height. In addition, other quantum mechanical effects 


such as tunneling or tunnel-assisted thermionic emission can 
reduce carrier trapping at the heterobarriers. The Monte Carlo 
calculation then serves as a “worst case” estimate of the 
carrier trapping. A more accurate model that includes quantum 
mechanical effects, such as that described by [ 15 ], may be 
more useful in determining the extent of trapping in these 
structures. 

Charge trapping at heterostructure interfaces, particularly 
for InGaAs-InP separate absorption-multiplication APD’s, has 
been shown to be reduced by three different schemes. These 
are insertion of a quaternary layer [ 16 ], insertion of a graded 
band-gap region [ 17 ] and the use of a doped interface dipole 
[ 18 ]. Miyoshi et ai [ 15 ] have shown that hole pile-up at the 
heterostructure interface is most effectively reduced using a 
graded barrier scheme. A graded AIGaAs barrier region could 
potentially be incorporated into the delta-doped APD device 
structure, though at the expense of added complexity. 

IV. Conclusions 

We have presented two new delta-doped APD devices that 
retain the potential performance of the original doped p-i- 
n quantum-well structures, yet offer a greater probability of 
being experimentally optimized. The primary advantage of 
the delta-doped designs is the greater level of control of the 
doping concentrations within each stage of the device afforded 
by the delta-doping technique. By carefully controlling the 
doping concentrations, full depletion of the device should be 
possible, thereby sustaining low-noise operation at high gain. 
The device stages consist of a widegap Alo.3sGa 0.65AS layer 
followed by delta-doped p and n layers. In the first design, the 
doping layers are made within GaAs, while they lie within 
Al c1.35Gao.65As in the second design. Using an ensemble 
Monte Carlo simulation, the effects of each individual device 
parameter, such as the layer widths, and the built-in and 
applied electric field strengths on the device performance are 
assessed. 

The fundamental tradeoff present in the design of the 
device is that the doping concentration and high-field layer 
widths must be sufficiently low such that the hole ionization 
is completely suppressed, yet large enough to cause sizable 
electron ionization. Due to the different electron and hole 
ionization mean free paths and the asymmetry of the basic unit 
cell of the device, both constraints may be satisfied. The width 
of the low-field AIGaAs layer can also be adjusted to lower 
the hole ionization rate, and thus serve as an additional means 
of controlling the device performance. For the GaAs-doped 
device, the gain per stage is typically smaller under conditions 
of zero hole ionization. Nevertheless, this design is probably 
more practical since high doping is easier to achieve presently 
in GaAs than in AIGaAs. The AlGaAs-doped structure can be 
operated at higher fields yielding higher gain per stage, due to 
the fact that the high-field region is within the wide-bandgap 
material layer where the ionization threshold is higher. 

Because of the asymmetry of the device structures, hole 
trapping is negligible in the GaAs-delta-doped structure, while 
electron trapping is negligible in the AIGaAs delta-doped 
device. However, carrier trapping can be severe if the applied 
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field is too low and the GaAs low field layer width is too 
wide. As such it is necessary to reduce the GaAs low-field 
layer width to minimize carrier trapping. Therefore, several 
device tradeoffs must be considered when designing a delta- 
doped AFD structure in order to achieve high gain at low 
noise and at low carrier trapping. 
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Theoretical Study of the Effect of an AlGaAs Double 
Heterostructure on Metal-Semiconductor-Metal 
Photodetector Performance 
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Abstract — The impulse and square-wave input response of 
different GaAs metal-semiconductor-metal photodetector (MSM) 
designs are theoretically examined using a two dimensional drift- 
diffusion numerical calculation with a thermionic-field emission 
boundary condition model for the heterojunctions. The rise time 
and the fall time of the output signal current are calculated 
for a simple GaAs, epitaxially grown, MSM device as well as 
for various double-heterostructure barrier devices. The double 
heterostructure devices consist of an AlGaAs layer sandwiched 
between the top GaAs active, absorption layer and the bottom 
GaAs substrate. The effect of the depth of the AlGaAs layer on 
the speed and responsivity of the MSM devices is examined. It 
is found that there is an optimal depth, at fixed applied bias, of 
the AlGaAs layer within the structure that provides maximum 
responsivity at minimal compromise in speed. 

I. Introduction 

M ETAL-semiconductor-metal (MSM) photodetectors are 
becoming increasingly attractive in optoelectronic com- 
munication systems, high-speed chip-to-chip connections, and 
high-speed sampling applications [1]. The principal advantages 
of MSM photodetectors that make them an excellent choice 
for on-chip detectors are their responsivity-bandwidth perfor- 
mance, compatibility with existing planar integrated circuit 
technologies, and relatively low voltage operation [1], Im- 
provement in MSM detector design structures, specifically the 
introduction of a GaAs/AlGaAs heterostructure, has advanced 
the realization of these applications [2]. 

The basic MSM detector structure is shown in Fig. 1. This 
structure consists of interdigitated metal fingers formed on the 
top surface of a semiconductor layer. Light incident on the top 
surface of the MSM structure is absorbed within the underlying 
semiconductor resulting in the creation of electron-hole-pairs 
(EHP’s). The application of a bias to the metallic fingers 
creates an electric field within the underlying semiconductor 
which acts to sweep the photogenerated carriers out of the 
device. How fast these carriers are collected and how many 
of them actually survive to the contacts within a particular 
collection time determine the speed and the responsivity. 
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GENERAL METAL-SEMICONDUCTOR-METAL STRUCTURE 



Fig. 1. Schematic diagram of an interdigitated metal-semiconductor-metal 
(MSM) structure. 

respectively, of the detector. Carriers generated deep within the 
semiconductor must traverse a greater distance before they are 
collected at the contacts compared to those generated near the 
surface. Depending upon the magnitude of the electric field 
within the semiconductor, the time needed to collect those 
carriers generated deep in the device can vary drastically. 
Under low bias conditions, ^magnitude of 5-10 V, which is 
typical for most integrated circuit applications, this collection 
time can be prohibitively long in high speed applications. 

It has been suggested that the insertion of a double het- 
erostructure layer can improve the time response of MSM 
detectors [2]. The double heterostructure layer acts to block 
those carriers generated deep within the device structure. As 
a result, only those carriers photogenerated within the top 
absorption layer are collected leading to a fast overall response. 
However, as described above, the responsivity principally 
depends upon the number of photogenerated carriers collected 
at the contacts. A high responsivity, especially at low input 
power levels, dictates that most of the photogenerated carriers 
be collected. Since many of the photogenerated carriers are 
produced deep within the semiconductor layer, the insertion of 
a double heterostructure layer in order to improve the speed 
of the device, necessarily reduces its responsitivity as well. 
Therefore, there exists a fundamental tradeoff between the 
speed of response and responsivity of a heterostructure MSM 
detector. 

It should be noted that the absorption coefficient varies 
strongly with the optical wavelength. In this paper, we ex- 
amine the response of the photodetector to only one incident 
wavelength, 840 nm. The speed of response of the detector can 
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be quite different at other wavelengths since the absorption 
may occur closer to the surface or deeper into the device. 
If for example, the absorption depth is much smaller than 
the interdigitated finger spacing then the detector’s speed of 
response is limited by the finger separation and the placement 
of the AlGaAs layer has minimal effect. However, at an 
incident wavelength of 840 nm the absorption depth and finger 
separation are comparable and the placement of the AlGaAs 
layer becomes important. Therefore, the tradeoff between the 
speed of response and the responsitivity discussed herein 
applies principally to incident light at 840 nm. 

In this paper, we present results of a theoretical study of 
the performance of a GaAs based MSM detector examining 
the effect of including a sandwiched AlGaAs layer between 
the active GaAs layer and the substrate. A two-dimensional 
drift-diffusion numerical calculation in combination with a 
thermionic-field-emission model is employed in this study. 
The drift-diffusion/thermionic emission model along with the 
details of the numerical solution method used are described in 
Section II. Calibration of the model and comparison to existing 
models is discussed in Section III. In Section IV different 
GaAs MSM double heterostructure devices are examined using 
the model. In Section IV we examine the effect of the AlGaAs 
layer on the rise time, fall time, and the magnitude of the 
output signal current and optimize the placement of such a 
layer as it relates to these parameters. 

II. Model Description 

To understand the behavior of photo-generated carriers 
under the influence of drift and diffusion forces, Poisson’s 
equation, the current continuity equations for electron and 
holes, and a rate equation for charged traps are solved on a two 
dimensional simulation domain for the electrostatic potential, 
and the carrier concentrations. The drift-diffusion approach 
is sufficient to characterize the operation of MSM detectors 
since these devices are typically of the order of microns in 
length and width. In this study, the detectors examined are 
restricted in dimensions to several microns where the drift- 
diffusion approximation is valid. The basic equations used in 


the simulator are [3], [4]: 

e 0 c,V 2 V> = -q{p — n + No - N a + n t ) (1) 

— -V ■ J„ - G n + R n + -^ = 0 (2) 

q ot 

iv • J p - G p + Rj, + ^ = 0 (3) 

J n = qp n nE„ + qD„Vn (4) 

Jp = quppEp - qDpVp (5) 


= ( Rn - G„)sRH - {Rp - Gp)sRH (6) 
at 

where # is the electrostatic potential, n and p are the electron 
and hole carrier concentrations, Nd % a are the donor/acceptor 
concentrations, n t is the electron-filled trap concentration, 
J np are the electron/hole currents, Rn, p and G n ,p are the 
electron/hole recombination and generation rates, /r„, p and 
D np are electron/hole mobilities and diffusivities, and the 
subscript SRH in (6) denotes the Shockley-Read-Hall events. 


In most situations, the trap density is such that the effects 
of (6) are negligible [3]. The terms iin tP used in (2) and 
(3) represent the sum of Shockley-Read-Hall, radiative, and 
Auger recombinations for electrons and holes [4]. The optical 
generation rate, G, is generally assumed to be gaussian for the 
impulse response and is typically given as [5] 

„ ~ _Wp. f (t - to) 2 

G n — Gp — C*abs * exp ^ ^2 

exp — a 2 ° -~ ) ■ ex P ( -a »b *y) (7) 


where W p is the peak optical power density incident on 
the surface, hv is the photon energy, a a bs is the absorption 
coefficient, x 0 is the location of the center of the beam, 1 0 is the 
location of the optical input peak, a t and a x are related to the 
full width, half maximum (FWHM) of the pulse. In this paper, 
we examine the response of only a representative unit cell of 
the device in which the illumination is practically uniform. 
The beam is assumed to be centered within the unit cell. Given 
the dimensions of the unit cell, the lateral decay of the beam 
is negligible within the calculations presented here. Therefore, 
for simplicity, uniform illumination is assumed laterally within 
the unit cell and the spatial exponential term in (7) is set 
to unity. The metallic fingers are assumed to be completely 
transparent. In practice, there are of course shadowing and 
reflective losses at the metallic surface which would lead to a 
reduction in the amount of photogenerated carriers within the 
underlying semiconductor material. For simplicity and due to 
a lack of detailed information about the extent of these losses, 
we assume here that no losses occur. 

A standard field-dependent mobility for the electron mobil- 
ity, p n [4] is used. 


Pn = 


F 3 


Pno 4* V 3 



( 8 ) 


where p no is the zero field mobility, F 0 is the critical electric 
field, F is the local electric field, and v t is the saturation veloc- 
ity. The hole mobility is assumed to be constant, independent 
of the electric field. It is further assumed that the Einstein 
relation holds for the diffusivities. The use of the Einstein 
relation, though universally accepted, is not totally correct 
since it applies only strictly to equilibrium. Improvement over 
the Einstein relation necessitates determining the mobility 
and diffusivity using more exact methods of solution of the 
Boltzmann equation, i.e., the ensemble Monte Carlo technique. 
Presently, this information is not available to us and thus for 
simplicity, the Einstein relation is adopted as is typically done 
in drift-diffusion solutions. 

The model’s modifications made to handle heterojunctions 
follow the same approach as given by Sutherland and Hauser 
[6]. In addition, a thermionic-field emission boundary condi- 
tion is used to specify the current density at heterojunction 
interfaces. The thermionic emission boundary condition [7], 
[8] is implemented in parallel with the drift-diffusion model. 
The actual current across the heterointerface is limited by 
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either the thermionic emission or diffusion current, depending 
upon which is smaller. In the present model, the drift-diffusion 
and thermionic emission current densities at the heterointerface 
are computed and compared. The actual current density across 
the heterointerface is then given by the smaller of these two 
quantities ensuring that the current across the junction is either 
thermionic emission or diffusion limited. Tunneling across the 
heterojunction is modeled based on the theory of Crowell and 
Rideout [9] and as developed in [10]. The tunneling current 
density is added at the heterojunction interface to give the total 
current density across the interface. 

Equations (1M6) along with the proper boundary conditions 
can be solved for the three fundamental variables 'P, n, and p. 
The Dirichlet boundary conditions of the electrostatic potential 
used at the Schottky contacts are 

Ip = 1pb + V'app - (9) 

where is the built-in potential, # app is the applied bias 
voltage, and is the Schottky barrier height. From the 
thermionic emission and diffusion theory of Crowell and Sze 
[11] the carrier concentrations at the Schottky contacts are 
specified in terms of the current density passing through them 
as [3], [4], [12]: 

Jn * n = - qv n (n - n 0 ) 

J p • n = qv p (p — Po) (10) 

where v„ tP are the electron/hole thermionic recombination 
velocities, h is the unit normal vector, and n 0 and p Q are 
the equilibrium electron and hole carrier recombination at the 
Schottky contacts. Specifically, n 0 and p Q are given as 

n 0 =N c e ( ~ q ' l ’ /kBT) (11) 

Vo =N v e^- E ^ )lkBT) ( 12 ) 


where N c and N v are the electron and hole effective density of 
states, and i? gap is the energy gap. At any interface, Gauss’s 
law can be applied to relate the normal component of the 
electric flux density to the interface charge as 
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mail 
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(13) 


where Qi n t is the interface charge. The free surface carrier 
concentrations are determined from conditions on the normal 
current [4], [12]: 

J n h —q ■ R sut{ (14) 

J p • h = q ■ R sui! (15) 

where R sutt is the surface recombination rate. Equations 
( 12)— (14) reduce to the usual Neumann boundary conditions 
when the interface charge and the surface recombination rates 
vanish. 

The box integration approach of the finite difference method 
[4] is used to discretize (l)-(6). These equations are then 
solved with their appropriate boundary conditions on a nonuni- 
form, two-dimensional mesh consisting generally of 75 x 33 
points. The Scharfetter-Gummel technique [4], [13] is applied 
in the formulation of the discretization equations. The resulting 


system of equations is linearized using Newton’s method. 
Due to storage and computation time limitations the Gaussian 
elimination method is deemed inappropriate for the solution 
of the linearized system. Therefore, the system of equations is 
solved using an iterative approach known as the bi-conjugate 
gradient squared (BICGS) method [14], [15]. Only nonzero 
elements in the matrix are stored using this approach greatly 
reducing the data storage requirements of the code. After 
the program reaches convergence, the potential and carrier 
concentration profiles are readily available, from which most 
of the macroscopic variables of interest can be calculated. The 
current densities, J„ and J p , are calculated from (4) and (5) 
using Scharfetter-Gummel’s exponential scheme [13] for the 
carrier concentrations. 

III. Calibration of the Model 

To demonstrate the accuracy of the model described above 
it may seem at first that direct comparison to experimental 
measurements would be best. However, this is not an easy 
task since information about the experimental setup is actu- 
ally needed to accurately compare the theoretical results to 
experimental measurements. Different authors [5], [16] have 
attempted comparing the calculated response of GaAs MSM 
photodetectors from the drift diffusion model to experimental 
measurements. Landheer et al. [16] found that an equivalent 
circuit model for the experimental setup is needed to accurately 
compare the theoretical results to experimental measurements. 
The output current predicted by the circuit model of Landheer 
et al. [16] did not lead to very accurate agreement with the 
experimental measurements. This discrepancy is apparently 
due to the simplistic treatment of the external circuit and the 
lack of complete knowledge of the experimental circuit param- 
eters. Alternatively, Sano [5] proposed an analytical model for 
GaAs MSM photodetectors based on the solution of the drift 
diffusion equations (\)-(6). The analytical model used is an 
equivalent RC circuit model in which the resistance, R , and 
the capacitance, C, are calculated based on the electric field 
and carrier concentrations obtained from the drift diffusion 
solution. The equivalent circuit model was implemented in a 
SPICE-like circuit simulator and the transient responses from 
the circuit simulation were compared with measured responses 
for an MSM photodetector. Though Sano [5] achieved good 
agreement between the circuit simulator and the experimental 
measurements, this is accomplished by numerically adjusting 
the circuit parameters in the model to ensure agreement with 
the experiment. Therefore, direct comparison of the drift 
diffusion results to experiment is hampered by the insufficient 
information about the experimental setup used in the measure- 
ments. In the absence of information about the experimental 
setup we choose to compare our model instead to other existing 
numerical models. 

We have compared the results obtained using the present 
model against several existing device simulators and against a 
1-D analytical solution for a simple 1 /xm GaAs p-n junction 
diode. The donor and acceptor concentrations chosen for this 
test device are No = Na = 10 17 cm“ 3 and the carrier 
mobilities are p n = 7000cm 2 /V-s and /i p = 300cm 2 /V-s. 
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Fig. 2. Comparison of the electrostatic potentials obtained from three differ- 
ent numerical solutions for a GaAs pn junction diode forward biased at 1 V: 
current program (circles), PC- ID (diamonds), and STEBS-2D (squares). 



Fig. 3. Comparison of the electron and hole concentrations for a GaAs pn 
junction diode forward biased at 1 V calculated from the current program 
(circles), PC- ID (diamonds), and STEBS-2D (squares). 

Fig. 2 shows the calculated electrostatic potential 'I' obtained 
from the present model and from two other simulators, PC- ID 
[17] and STEBS-2D [18]. PC-1D is a commercial, one- 
dimensional, drift-diffusion model released by Sandia National 
Laboratory and STEBS-2D is a full hydrodynamic model 
developed at the Georgia Institute of Technology. The car- 
rier concentrations obtained from the three models are also 
presented in Fig. 3. As can be seen from inspection of Figs. 2 
and 3, the present program shows precise agreement with the 
other two models under comparable conditions. 

The electrostatic potential within the p-n junction diode 
calculated using the present model can also be compared 
to a simple one-dimensional analytical solution of Poisson’s 
equation using the depletion approximation. Inspection of 
Fig. 4 shows good agreement between the numerical model 
and the analytical model except near the edge of the depletion 
region where the depletion approximation fails to properly 
account for the tails in the carrier distributions. 

IV. Application to MSM Photodetectors 

The present numerical model is applied to study the re- 
sponse of GaAs based metal-semiconductor-metal (MSM) 
photodetectors. The general device structure considered is 
sketched in Fig. 1 above. The barrier height assumed for 
the Schottky contacts in the structure is 0.7 V and the 
GaAs material is taken as semi-insulating with a background 
doping concentration of Np = 10 15 cm~ 3 . The interdigitated 



Fig. 4. Comparison of the electrostatic potentials for a GaAs pn junction 
diode forwaid-biased at 1 V calculated from the present model (circles) 
and a one-dimensional analytical solution (diamonds) using the depletion 
approximation. 


TABLE I 

Material Parameters Used 


Parameter 

Units 

GaAs 

Ref. 

AlGaAs 

Ref 

Electron Mass (m* ) 

— 

0.061 

[18] 

0.088 

[18] 

Hole Mass (mj) 

— 

0.48 

[18] 

0.56 

[18] 

Dielectric Constant (e) 

— 

13.1 

[18] 

12.4 

[18] 

Energy Gap (E g ) 

(cV) 

1.42 

[18] 

1.74 

[18] 

Electron Affinity (\) 

(cV) 

4.06 

[19] 

3.80 

[19] 

Electron Mobility (/f n ) (cm 2 /Vs) 

7000 

[19] 

2500 

[19] 

Hole Mobility (ftp) 

(cm 2 / Vs) 

300 

[19] 

150 

[19] 

Electron Lifetime (r„) 

(S) 

10- 7 

[20] 

10" 8 

[19] 

Hole Lifetime (r p ) 

(s) 

10" 7 

[20] 

10“ 8 

[19] 

Radiative coef. (B) 

(cm 3 /s) 

2.04 xlO -10 

[21] 

2.04 x 10~ 10 

a 

Electron Auger Coef 
(C„) 

(cm 6 /s) 

1.6 x 10" 29 

[21] 

1.6 x 10" 29 

a 

Hole Auger Coef. (C p ) (cm 6 /s) 

4.64 xlO" 29 

[21] 4.64 x 10” 28 

a 

Absorption Coef. 

(b a fc>s ) 

(cm” 1 ) 

10< 

[22] 

0 

b 


‘Due to lack of information for AlGaAs, GaAs values are used. 
b No absorption takes place for the AlGaAs at A = 0.84 /mi. 


TABLE II 

Input Signal Parameters 


Peak Power (H p ) 

0.68 mW/cm 2 

Wavelength (A) 

840 nm 

Beam Diameter ( D ) 

60 /iin 

Beam's Peak Position (A' c ) 

2.5 /iin 

Signal Peak (t 0 ) 

10 ps 

Full Width Half Max. (FWHM) 

5 ps 


metallic finger widths and spacings are 1 and 3 jxm, 
respectively. The material parameters used in the calculation, 
i.e„ the zero field carrier mobilities, lifetimes, etc. are compiled 
in Table I. These parameters are compiled from [19]-[23]. 
The parameters used to characterize the optical input signal 
are collected in Table II. In these calculations the boundary 
condition at the bottom surface and along the sides of the 
device is assumed to be floating. 

The response of the GaAs MSM device as sketched in 
Fig. 1 is compared to a double heterostructure device. The 
double heterostructure device consists of an AlGaAs barrier 
layer of thickness d 2 , sandwiched between two different GaAs 
layers, of thicknesses d\ and cfo, as shown in Fig. 5. The 
A1 concentration within the AlGaAs layer is assumed to be 


si 
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Fig. 5. Schematic diagram of the double-barrier heterostructure MSM show- 
ing the sandwiched AlGaAs layer. The solid shaded regions on the top of the 
figure represent the Schottky contacts. 


held fixed at 25%. Different double heterostructure devices are 
examined with variable depths of the AlGaAs bamer layer. 
As a result, the active, photo-absorption layer thickness du 
obviously also varies in these devices. 

As described above, the primary function of the buried 
heterostructure layers is to block the collection of the carriers 
photogenerated deep within the GaAs substrate by preventing 
them from diffusing back into the active layer and towards the 
contacts. In addition, at low applied bias, the barrier between 
the active and the AlGaAs layers acts to confine the photogen- 
erated carriers within the active region. At higher applied bias, 
the heterostructure blockage of the photogenerated carriers 
becomes less effective due to the much greater band bending 
present in the device. Subsequently, the location of the AlGaAs 
layer greatly effects the charge collection attributes of the 
device depending upon the field distribution and the applied 
bias. In the structures examined here, the background doping 
is n-type, implying that the primary photogenerated carriers 
collected are holes. 

The calculated impulse response at different active layer 
thicknesses, along with the corresponding rise and fall times of 
the signal are displayed in Fig. 6. Five different structures are 
examined, four double heterostructure devices and one GaAs 
bulk device 6 /xm in thickness. The double heterostructure 
devices consist of a top GaAs layer, d \ , ranging in thickness 
from 0.5 to 4 /xm, a 1 /xm AlGaAs layer, d 2 , followed by 
a GaAs epilayer, d$, ranging in thickness from 4.5 to 1 /xm. 
Notice that the total width of all three layers combined remains 
constant at 6 /xm. The rise and fall times are defined as the 
time it takes the output signal to go from 10% to 90% and 
from 90% to 10% of its maximum value, respectively. The 
voltage applied to the device is -5 V. As can be seen from 
Fig. 6, the fastest response occurs for the device configuration 
with a 0.5 /xm active layer thickness. This is obvious from 
both the curve corresponding to the 0.5 /xm device as well 
as from its corresponding fall time. However, the maximum 
output signal magnitude for the 0.5 /xm device is significantly 
less than for the other cases. This is as expected, since the 
response speed is achieved at the expense of lower output 
signal magnitude because the slower earners, those generated 
deep within the device, are blocked from being collected by 
the heterojunction barrier. As the active layer thickness d\ 
increases to 1 /xm, more carriers are generated within the 
top, active GaAs region. As a result, a greater number of 



Fig. 6. The calculated impulse response at different active layer thicknesses 
for the double-barrier MSM heterostructure at an applied bias of — ! 5 V. 
The doping levels are 10 15 cm" 3 for the GaAs layers and 10 l7 cm -3 
for the AlGaAs layer. Curve 5 is for the case without the AlGaAs layer. 
The numbers in the legend represent the layer thickness in microns of the 
GaAs/AlGaAs/GaAs layers as shown in Fig. 5. Also included are the rise and 
fall times for each of the 5 curves. 



Fig. 7. The maximum output current signal as a function of active layer 
thickness for the double-barrier MSM heterostructure. 


photogenerated carriers are collected producing a higher output 
signal current. Though the d\ = 1 /xm device does not show 
as rapid a collection of the photogenerated carriers as the 
di = 0.5 /xm device, the field is sufficiently strong and the 
carriers are still relatively close to the collecting contacts that 
a reasonably high speed of response is retained; a fall time of 
22 ps is achieved as compared to 13 ps for the 0.5 /xm device. 
If the active layer thickness is increased further to 2 /xm, the 
same trend is observed; more carries are collected from the 
bottom of the active layer resulting in a longer fall time, ~42 
ps, and slower speed of response. Interestingly, the maximum 
output signal current ultimately decreases with increasing d\. 
The maximum signal current is plotted as a function of active 
layer thickness in Fig. 7. As can be seen from Fig. 7, the output 
signal current reaches a maximum for an active layer thickness 
of d x = 2 /xm. The maximum signal current is significantly 
less for a device with d\ = 4 /xm than with d\ = 2 /xm, though 
the fall times are comparable. Clearly, at an applied bias of 
—5 V, there exists an optimal thickness, in terms of speed of 
response and collection efficiency, for layer d \ . 

In an attempt to understand the origin of the peak in the 
output current signal versus active layer thickness curve, we 
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Fig. S. Electric field vector plot at the time-step corresponding to the peak 
cunent showing the direction of the electric field at each mesh point within the 
two-dimensional simulation grid used for the 2.0 j<m active layer thickness 
device. The AlGaAs layer is located 2.0 /im from the top and is 1.0 in 
thickness. Only the top 3 /im of the device is shown in the figure. The right top 
contact of the device is biased at —5 V with respect to the left top contact. The 
horizontal channeling of the electric field at the middle of the heterobamer 
is due to the accumulation of electrons within the AlGaAs trapped by the 
potential band bending at either interface. Notice that the lateral component 
of the electric field vanishes within the active region above the heterobamer. 


Fig. 9. Electric field vector plot at the time-step corresponding to the peak 
current showing the direction of the electric field at each mesh point within the 
two-dimensional simulation grid used for the 4.0 /im active layer thickness 
device. The AlGaAs layer is located at 4.0 /im from the top and is 1.0 
inn in thickness. Only the top 3 ftm of the device is shown in the figure. 
The right top contact of the device is biased at —5 V with respect to the 
left top contact. Notice that the electric field “swirls” around deeper within 
the active region of the device. The presence of the lateral component of 
the electric field acts to increase the trajectory of the earners leading to a 
longer time between generation and collection with the subsequent increase 
of recombination losses. 


have examined the electric field profiles within each device. 
Field vector plots showing the direction of the electric field 
at each mesh point within the device are shown in Figs. 

8 and 9 for the 2.0 and 4.0 /xm active layer thickness 
devices, respectively. Comparison of the two figures clearly 
shows that the lateral field component essentially vanishes 
near the heterostructure in the 2.0 /xm width device, while 
a significant lateral component persists within the 4.0 Aim 
width device. The electric field points vertically away from 
the heterostructure acting to accelerate the photogenerated 
holes towards the collecting contacts in the 2.0 /xm device. 
Alternatively, in the 4.0 /xm device, the lateral component 
of the electric field acts to acclerate the holes to some extent 
laterally. As a result, the hole trajectory for collection is longer, 
effectively delaying their collection at the contacts. Since the 
holes spend more time in this region their chances of suffering 
a recombination event increase, leading to a reduction in 
the collected current. Subsequently, this could result in an 
increased collected current within the 2.0 /xm width device 
than in the 4.0 /xm width structure. A more detailed analysis of 
this problem using a more sophisticated, hydrodynamic model 
will be made in the future to further test this hypothesis. 

The effect of the heterojunction on the response to a square 
wave input is considered next. The same model and approach 
as described above is used but with a square wave input 
signal applied to the device. The output current response to 
a square wave input with repetition rate of 1 GHz and 0.5 ns 
duration time is shown in Fig. 10 for different GaAs active 


layer thicknesses. The applied voltage is again 5 V. It is 
clear from this figure that the output signal amplitude peaks 
at an active layer thickness of 2 /xm and then decreases as the 
active layer gets thicker. The explanation for this is similar to 
that described above for the impulse response. The rise and 
fall times however are not quite consistent with the impulse 
response results. This is due primarily to the definition of these 
quantities. Although the 0.5 /xm curve in Fig. 10 seems to 
decay faster than any of the other cases, the fall time, for 
example, is not the shortest. This is due to the fact that the 
90-10% measure of the fall time depends on the magnitude 
of the signal peak itself. Since the signal peak is very much 
smaller in the 0.5 /xm device, its decay to 10% takes longer 
than that for a much higher signal peak, though the signal in 
the 0.5 /xm device has decayed quicker below some threshold 
level. Subsequently, the definition of the rise and fall times 
typically given, 10-90% and 90-10% respectively, are of 
questionable value when evaluating the performance of an 
MSM detector subject to a square wave input. However, it is 
clear that the presence and the location of the AlGaAs layer is 
critical to the performance of these photodetectors and that the 
optimal location of the heterojunction barriers is a function of 
the applied bias. This is clearly demonstrated in Fig. 1 1 where 
the applied voltage is increased to -10 V. We note that in this 
case the peak in the collected current shifts to the 3 /xm active 
layer thickness device. The shift in the peak collected current 
occurs since the field depletes deeper into the semiconductor 
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Fig. 10. The calculated output current response of the double-barrier MSM 
heterostructure to a square-wave input at different active layer thicknesses and 
under an applied voltage of —5 V. Curve 6 is for the case without the AlGaAs 
layer. The numbers in the legend represent the layer thickness in microns for 
the GaAs/AlGaAs/GaAs layers as shown in Fig. 5. Also included are the rise 
and fall times in picoseconds for each of the curves. 
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Fig. 11. The calculated output current response of the double-barrier MSM 
heterostructure to a square-wave input at different active layer thicknesses and 
under an applied bias of —10 V. Curve 6 is for the case without the AlGaAs 
layer. The numbers in the legend represent the layer thickness in microns of 
the GaAs/AlGaAs/GaAs layers as shown in Fig. 5. Also included are the rise 
and fall times in picoseconds for each of the curves. 


material. Subsequently, more carriers are swept out by the 
relatively high-field producing a greater collected current at 
the contacts. 

Due to computational limitations, it is presently possible 
to simulate the entire substrate. Subsequently, only a small 
portion of the substrate can be simulated. In this case, the 
bottom surface can be treated either as floating or as an ohmic 
contact. The use of an ohmic boundary condition along the 
bottom surface leads to qualitatively similar results as those 
with the floating surface condition but with some quantitative 
difference. The appropriateness of these two boundary condi- 
tions needs to be further investigated, which wil be reported 
in a future work. 



Fig. 12. Two-dimensional conduction band diagram of the double-barrier 
MSM heterostructure for the 2 /im active layer thickness device at an applied 
bias of —5 V. 

Finally, we examine the dark current for the device sketched 
in Fig. 1 assuming a finger length of 100 /zm, typical for most 
MSM structures. The dark current is found to be on the order 
of 0.6 pA. Moreover, it is also found that it is practically 
insensitive to the applied bias in the range from zero to -20 
V. This is because, at a 3 /im finger spacing, and at the 
applied biases considered here, the built-in potential barrier 
at the grounded Schottky contact persists as shown in the 
two-dimensional conduction band plot for the 2.0 fim active 
layer thickness device in Fig. 12. However, if the voltage 
is increased or if the finger spacing is reduced, the applied 
voltage at the biased contact punches through to the grounded 
contact reducing the built-in potential barrier. As a result, an 
increased electron dark current develops. It is expected then 
that for a smaller finger spacing (~1 /xm) and a doping level of 
10 15 cm -3 that the dark current will increase with increasing 
applied voltage [24], [25]. In that case, a top AlGaAs layer 
[26] can play an important role in limiting the dark current 
of the device. 

V. Conclusions 

We have theoretically investigated the effect of including 
a double heterostructure barrier on the response of MSM 
interdigitated photodetectors using a two-dimensional drift- 
diffusion model with a thermionic-field emission boundary 
condition. To establish the validity of the model we have 
compared it to existing models and to a one-dimensional 
analytical solution. Excellent agreement with these models 
is obtained. The drift-diffusion model is then used to study 
the effect of the presence of a sandwiched AlGaAs layer on 
the response, as measured by the responsivity and speed, of 
MSM photodetectors. The AlGaAs layer introduces a double 
heterostructure barrier whose location in the structure greatly 
affects the movement of the carriers. We have found that there 
exists an optimal location for these heterojunction barriers 
for which both high speed and high responsivity can be 
achieved for an input optical signal of 840 nm wavelength. The 
placement of the AlGaAs barrier depends on the applications 
in which the MSM’s are to be used. In high speed applications. 
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and under low bias conditions, the AlGaAs layer should be 
placed near the top surface of the device. To obtain a fast 
response under low light illumination levels, the active layer 
thickness and the applied bias should be increased. However, 
operation at high bias can increase the dark current levels of 
the device if the electrode spacing is small. Subsequently, there 
exist several tradeoffs in the design of an interdigitated MSM 
photodetector. Use of a simulator such as the one described 
here, is essential for optimizing a structure for a particular 
application. 
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Theoretical Study of the Response of InGaAs 
Metal-Semiconductor-Metal Photodetectors 

Ali F. Salem, Student Member , IEEE , and Kevin F. Brennan, Senior Member, IEEE 


Abstract — Wc present a theoretical investigation of the re- 
sponse of metal-semiconductor-metal (MSM) photodetectors 
made of InGaAs lattice-matched to InP using a two-dimensional 
drift-diffusion model with a thermionic-field emission boundary 
condition for the heterojunctions. The effect of including a top 
InAlAs layer to increase the effective barrier height of the metal 
fingers on the InGaAs active layer is thoroughly examined and 
found to limit the collection of the photocurrent signal due 
to the electron and hole barriers that it forms with InGaAs. 
Due to the thickness and height of the InAlAs barrier layer 
in existing designs, the tunneling current obtained from the 
model is found to be negligibly small to significantly affect the 
output signal current In an attempt to obtain a better response, 
different design structures including one where a quasi-Schottky 
contact is utilized are studied and their speed of response, 
breakdown voltage, and dark current are compared to that of 
the usual InGaAs device. 


I, Introduction 

P LANAR metal-semiconductor-metal (MSM) photodetec- 
tors are becoming an important component in integrated 
circuit technologies owing to their ease of fabrication, compat- 
ibility with existing field-effect transistors (FET’s), and high 
responsivity-bandwidth performance [1]. High-performance 
GaAs MSM’s have been thoroughly investigated [2]-[4] and 
found to have an excellent performance in the 0.8 /zm wave- 
length region. For wavelengths in the low-loss window of 
silica fiber-optic communication lines (1.3-1. 5 /urn), the lower 
bandgap material, InGaAs, lattice-matched to InP, has been 
under intensive examination [5]-[8]. Unfortunately, the low 
barrier height on undoped InGaAs (~0.2 V) yields unac- 
ceptably large dark currents in photodetectors made with this 
material leading to poor overall device performance. 

In order to reduce the device dark current, several schemes 
have been suggested to enhance the effective barrier height 
of InGaAs MSM’s by growing a thin layer of a high-barrier 
height material on top of the active InGaAs layer [5]-[8]. 
One of these schemes incorporates a thin, lattice matched 
InAlAs top layer that has a barrier height of ~0.65 eV. A 
schematic diagram of this device structure is shown in Fig. 1. 
The effective barrier height obtained from the InAlAs layer 
limits the dark current to acceptable levels but it introduces, in 
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Fig. I. Cross-sectional view of the simulated InGaAs based MSM with an 
InAlAs top layer to enhance the effective Schottky contact barrier height of 
InGaAs. The top dark- shaded areas are Schottky contacts and the bottom 
dark-shaded area is an ohmic contact. 

turn, large barriers for electrons and holes [5] thereby limiting 
the collection of the photogenerated carriers and hence the 
performance of the device. 

The performance of the InAlAs-InGaAs-InP device 
sketched in Fig. 1 under both dark and illumination conditions 
has been studied experimentally by several authors [5]-[7] In 
order to illustrate the physical workings within the device, 
Soole and Schumacher [5] used a simple one-dimensional 
thermionic emission model to probe the transport physics 
in this structure. They concluded that the InAlAs raises the 
effective barrier height to values close to the barrier height on 
InAlAs and that the experimentally observed soft breakdown 
is due to tunneling across the barrier under the Schottky 
contacts. They have also indicated that a two-dimensional 
analysis with both thermionic emission and tunneling being 
incorporated is necessary to understand the nature of the 
transport in these devices. 

It has also been reported [9] that the barrier height on n- 
InGaAs could be raised by growing a thin, oppositely-doped 
p + assist layer between the Schottky metal contacts and the n- 
InGaAs layer to form what is called “quasi-Schottky” contacts. 
Fig. 2 shows a schematic side-view of such a device. In Fig. 2, 
the n + -InP layer acts as a buffer and the presence of the 
heavily doped n + -InGaAs layer is introduced to prevent the 
device from acting as a rectifier at the InGaAs-InP interface. 
Averin et al have analyzed and experimentally confirmed [9] 
the formation of the quasi-Schottky contacts of Fig. 2. They 
have found that for a properly designed p+ layer the effective 
barrier height on n-InGaAs can be increased from 0.2 eV to 
-0.54 eV. 
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Fig. 3. Cross-sectional view of the simulated low -temperature grow n Schot- 
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a temperature of 77 K. The top dark-shaded areas arc Schottky contacts and 
the bottom dark-shaded area is an ohmic contact. 
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. Fig. 2. Cross-sectional view of the simulated p+ assist, quasi-Schottky 
device. The top dark-shaded areas are Schottky contacts and the bottom 
dark-shaded area is an ohmic contact. 

Recently, Lee et al [10] reported that Schottky barrier 
heights on n-InGaAs can be improved by metal deposition on 
substrates that are cooled to a temperature of 77 K. They have 
found that the barrier height on n-InGaAs can be increased 
from 0.2 eV to ~0.6 eV with the use of Ag metal. Fig. 3 
shows a schematic diagram of an InGaAs interdigitated MSM 
photodetector built on an InP substrate. The Schottky contacts 
in Fig. 3 are deposited on the low temperature n-InGaAs layer 
to improve the Schottky barrier height. It can be seen from 
the device of Fig. 3 that fewer processing steps are required 
than the devices of Figs. 1 and 2. 

In this paper, we present a theoretical investigation of 
the issues involved in designing an InGaAs-based interdig- 
itated MSM photodetector. The different approaches shown 
in Figs. 1-3 to enhance the Schottky barrier heights on n- 
InGaAs are numerically investigated and their performance 
is compared. The model used herein is a two-dimensional, 
numerical, drift-diffusion calculation that incorporates both 
thermionic emission and tunneling across heterobarriers. This 
model is used to predict the speed of response, dark current, 
and breakdown voltage for the devices of Figs. 1-3. The effect 
of the InAlAs-InGaAs heterobarrier of Fig. 1 on the detector’s 
response is thoroughly examined using the present model and 
the performance of this device is compared to that of the 
devices of Figs. 2 and 3 where such a heterobarrier is not 
present. Moreover, the response of the device of Fig. 2 is 
compared to that of the same device with the exception of 
using ohmic contacts instead of the existing Schottky contacts. 
The technological problems as well as the advantages and 
disadvantages of these different design structures are also 
evaluated. 

This paper is organized as follows. In Section n, we 
briefly describe the numerical model used in the simulation. 
Specifically, we characterize the drift-diffusion model and 
discuss the formulations used to treat the thermionic emission 
and tunneling transport. In Section III, we apply this model to 
study the performance of three different design structures of 


InGaAs-based MSM photodetectors; the InAlAs-InGaAs-InP 
standard device of Fig. 1, the quasi-Schottky device of Fig. 2, 
and the low-temperature-formed contacts device of Fig. 3. 
The performance of these different designs in terms of their 
speed of response, dark current, and breakdown voltage is 
also compared in Section III. Potential band diagram plots 
are presented in Section III to demonstrate the effect of the 
different types of barriers on the response of these devices. 
Finally, conclusions are drawn in Section IV. 

n. Model Description 

To understand the behavior of photo-generated carriers in 
MSM’s under the influence of drift and diffusion forces, 
Poisson’s equation and the electron and hole current continuity 
equations are solved on a two-dimensional simulation domain 
for the electrostatic potential and the carrier concentrations. 
The width and depth of the MSM detectors simulated are 
restricted to dimensions on the order of microns where the 
drift-diffusion approximation is generally sufficient to describe 
the transport physics. The effects of thermionic emission and 
tunneling on the transport are modeled as boundary conditions 
across heterojunction barriers. 

The full details of the model have been reported elsewhere 
[11]. Nevertheless, the salient features of the model are sum- 
marized here. The basic equations used in the simulator are 


[ 12 ]: 

e 0 € a V 2 ip = -q(p - n + N d - N a ) ( 1 ) 

_Iv-J„-G n + J R n + ^=0 (2) 

q at 

lv.J p - Gp + R p + ^ = 0 (3) 

J n = qVnnE n + qD n Vn (4) 

Jp = q^pPEp - qDpVp (5) 


where $ is the electrostatic potential, n and p are the electron 
and hole carrier concentrations, Nd,a arc the donor/acceptor 
concentrations, J niP are the electron/hole currents, R np and 
G UjP are the electron/hole recombination and generation rates, 
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and fi n , p and D np are electron/hole mobilities and diffusivi- 
ties. The terms R„ fP used in (2) and (3) represent the sum of 
Shockley-Read-Hall, radiative, and Auger recombinations for 
electrons and holes [12]. A standard field-dependent mobility 
model [12] is used for electrons while a zero-field mobility 
model is used for holes. D n p is calculated based on the 
Einstein relation. The generation rate, G„ tP , is the sum of both 
optical generation and impact ionization generation rates for 
electrons and holes. The optical generation rate is assumed 
to be uniform over the area of the basic unit cell of the 
devices simulated here. The optical generation rate is assumed 
gaussian in time and decays exponentially with depth with the 
absorption coefficient, ctAb»- 

The impact ionization generation rates for electrons and 
holes, G" p , are assumed to be proportional to the magnitude 
of the electron and hole currents, respectively, and are given 
as [12]: 

c« = a lAi, g" = o!AJ (« 

q q 

where a and /? are the electron and hole ionization rates 
coefficients defined as the number of electron-hole pairs gen- 
erated in one unit length of travel. These coefficients are 
modeled as exponential functions of the local electric field in 
the direction of the current flow [12]. The parameters involved 
are determined from fitting the experimental data [13] using 
the following equation: 

— (-^D <7> 

where a and ft are the electron and hole impact ionization 
rates, a°° and j3°° are the rates at infinite electric fields, F^ p 
are the critical electron and hole fields, and 7 n p are fitting 
parameters. F n<p , the components of the local electric field F in 
the direction of the electron and hole currents, are described as 


F n = 


Jn F 

Jn ’ 


F P = 


V£ 

Jp 


( 8 ) 


Thermionic emission and tunneling at the heterojunction in- 
terfaces are modeled as boundary conditions [14], [15]. First, 
the current crossing a heterointerface is assumed to be ei- 
ther thermionic emission or diffusion limited. The model 
independently calculates both the thermionic emission and 
the drift-diffusion currents at a heterojunction interface and 
compares them. The smaller of these two values is taken as 
the limiting current. This limiting current, in addition to any 
tunneling currents across the heterobarrier, dictates the current 
flow for the overall device. The thermionic-tunneling boundary 
condition for the electron current at a heterojunction interface 
can be written in terms of quantities of materials 1 and 2 that 
form the heterojunction as [14], [15]: 


J n — q 


^n2V„ a (l + S) - TniVn, (1 + 6) exp 




Fig. 4. Conduction band edge diagram of #n abrupt heterojunction. Y £• 
denotes the width of the tunneling barrier at an incident energy E v . The energy 
range over which tunneling takes place is determined by [=min(E c 

(0*), Ec(W))] and E c (0 + ), where W is the depletion region width on the 
barrier side. 


where ni and n 2 are the electron concentrations in materials 1 
and 2, v n i (=A*T 2 /qNo) and v n 2 (=AJT 2 /qNc 2 ) correspond 
to the recombination velocities of the Schottky barrier theory 
, A E c is the conduction band edge discontinuity that is 
calculated based on the affinity rule, q is the elementary charge, 
T is the ratio of the masses m 2 /mi, k is the Boltzmann 
constant, and T is the temperature. The parameter, <5, in 
(9) is a coefficient that describes the tunneling across the 
heterojunction interface and is given as [15]: 

exp(%^ 

kT 


/ ex p(-§)^( £ v)^y 00) 


where E C)m i n and E c , max determine the energy range over 
which tunneling is possible, and P(E y ) is the tunneling proba- 
bility. The tunneling probability, P(E y ), is calculated based on 
the WKB approximation and is formulated as in [15]: 

P(E y ) = exp J [2 m* n (E c (y) - £ y )] 1/2 dt/j (11) 

where m£ is the effective mass of the carrier in the semi- 
conductor and the bounds of integration, as shown in Fig. 4, 
determine the width of the energy barrier at an energy level 
E y . The remaining parameters in (11) are indicated on Fig. 4. 

The thermionic emission current, J p , and the tunneling 
parameter, 5, for holes are similar to those used for electrons. 
Note that if 6 is set equal to zero and T is set equal to 1 
in (9) above the usual thermionic emission current boundary 
condition of the Schottky type is obtained. 

The box integration approach of the finite difference method 
[12] is used to discretize equations (1M6). These equations 
are then solved with their appropriate boundary conditions on 
a nonuniform, two-dimensional mesh consisting generally of 
65 x 40 points. The Scharfetter-Gummel technique [12], [17] 
is applied in the formulation of the discretization equations. 
The resulting system of equations is linearized using Newton’s 
method. Due to storage and computation time limitations the 
Gaussian elimination method is deemed inappropriate and the 
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TABLE I 


Parameter 

Units 

InGaAs 

Ref. 

InAIAs 

Ref 

InP 

Ref. 

Electron Mass (m/) 

- 

0.0463 

[21] 

0.084 

[21] 

0.08 

[25] 

Heavy Hole Maas (m^*) 

- 

0.61 

[21] 

0.677 

[21] 

0.85 

[25] 

Light Hole Mass (m^*) 


0.0588 

[21] 

0.086 

[21] 

0.089 

[25] 

Dielectric Constant (e) 

- 

13.85 

[21] 

12.42 

[21] 

12.61 

[26] 

Energy Gap (E f ) 

<*V) 

0.77 

[21] 

1.49 

[21] 

134 

[26] 

Electron Affinity 00 

(eV) 

4.7 

[26F 

4.2 

[26F 

431 

[26] 

Electron Mobility (p„J 

(cmVVs) 

12000 

[22] 

800 

[22] 

5400 

[26] 

Hole Mobility (p^) 

(cmWs) 

300 

[22] 

25 

[22] 

300 

[26] 

Electron Capture (Oj 
Cross Section 

(cm 2 ) 

3x10" 17 

[23] 

3xl0 n 

[23]* 

7x10“ 

[23] 

Hole Capture (O^) 
Cross Section 

(cm 1 ) 

3x10° 

[23] # 

3xl0 n 

[23]** 

7x10“ 

[23]* 

Trap Concentration (NJ 

(cm*) 

1.5xl0 tJ 

[23] 

13x10'* 

[23]* 

3x10“ 

[23] 

Radiative coef. (B) 

(cmVs) 

1.2x10*° 

[24] 

1.2x10*° 

[24]* 

3.32xlO ,0 [27] 

Electron Auger Coef (CJ 

(cmVs) 

3.2x10'* 

[24] 

3.2x10* 

[24]* 

3.7x10** 

[28] 

Hole Auger Coef. (C p ) 

(cmVs) 

3.2x10* 

[24]* 

3.2x10* 

[24]- 

8.7x10* 

[28J 

Absorption Coef. (a*.) 
at X=1.55 pm 

(cm’ 1 ) 

8000 

[20] 

0.0 

- 

0.0 

• 

Electron Impact 
ionization coefficients: 








-(a") 

(cm ’) 

4.677xl0 ? 

[13] 

7 -36x10* [13] 

1.12xl0 7 

[13] 

-07™) 

(V-cm l ) 

1.935x10* 

[13] 

5.26x10* [13] 

3.11x10* [13] 

-(7J 

- 

t.O 

[13] 

2.0 

[13] 

1.0 

[13] 

Hole Impact 
ionization coefficients: 








-(T) 

(cm* 1 ) 

8.382x1 0 7 

[13] 

1.57x10* [13J 

4.79x10* [13] 

-ay™) 

(V-cm*) 

2.236x10* 

U31 

4.89x10* [13] 

2-55x10* [13] 

<v 


1.0 

[13] 

2.0 

[13] 

1.0 

[13] 

Calculated based on the loAs and GaAs binaries^ * 

Electron values used; # 

InGaAs values used 





linearized system is solved using an iterative approach known 
as the bi-conjugate gradient squared (BICGS) method [18], 
[19]. Only nonzero elements in the matrix are stored using this 
approach greatly reducing the data storage requirements of the 
code. After the program reaches convergence, the potential and 
carrier concentration profiles are readily available, from which 
most of the macroscopic variables of interest can be calculated. 
The current densities, J n and J p , are calculated from Equations 
4 and 5 using Scharfetter-GummeFs exponential scheme [17] 
for the carrier concentrations. 

HI. Numerical Results 

The numerical model described above is used to study the 
response of the different InGaAs-based MSM photodetector 
designs shown in Figs. 1-3. The dark current, breakdown volt- 


age, and the speed of response of one unit cell of these devices 
are numerically calculated and compared. The simulated finger 
widths and finger spacings for all the MSM’s, except where 
noted otherwise, are 1 /xm and 3 jxm, respectively. The total 
thickness for all these devices is 4 /zm and the n-InGaAs active 
region thickness is 2 /zm. The wavelength used in this study is 
1.55 fzm, suitable for use in the low-loss window of silica 
based optical fibers. The relevant parameters for the three 
different materials used in the simulation are summarized in 
Table L 

A . InAlAs-InGaAs-InP Device 

The device of Fig. 1 consists of a 200-A thick InAIAs 
layer, lattice-matched to InGaAs, to increase the relatively 
low Schottky barrier height (~0.2 eV) of InGaAs. The metal 
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Fig. 5. A one-dimensional slice of the two-dimensional equilibrium solution 
of the valence band edge diagram for the devices of Figs. 1-3. Only the top 
\ fim (see Fig. I) of the region directly under the top Schottky contacts is 
shown for clarity. Notice the abrupt hole barrier for the device of Fig. 1 (solid 
curve) and the soft hole barrier for the device of Fig. 2 with true Schottky 
contacts (dotted curve.) 

Schottky fingers deposited on the InAlAs layer are assumed 
to form an electron barrier height of 0.65 eV. The doping 
density in each of the 3 layers of Fig. 1 is taken as 10 15 cm~ 3 . 
The top InAlAs layer introduces electron and hole barriers at 
the InAlAs-InGaAs heterointerface. The hole barrier for the 
device of Fig. 1 is clearly shown in the equilibrium valence 
band edge diagram in Fig. 5. For the sake of clarity and 
ease of comparison, Fig. 5 only shows a one-dimensional slice 
under the Schottky contacts of the calculated two-dimensional 
valence band edge diagrams for the MSM devices of Figs. 1-3. 
From inspection of Fig. 5, we note that for the MSM device 
of Fig. 1 the InAlAs-InGaAs heterointerface introduces an 
abrupt hole barrier of 0.21 eV. The electron barrier at the 
heterointerface is determined as the difference in the affinities 
of InGaAs and InAlAs (see Table I) and is found to be 0.5 eV. 

Assuming no illumination, the electron current flowing 
toward the collecting Schottky contacts of the device in Fig. 1 
is the majority current carrier since the carrier concentration 
for holes is very small in n-type materials. Consequently, the 
combination of the high Schottky contact barrier height of the 
InAlAs top layer and the conduction band edge discontinuity 
at the InGaAs-InALAs heterointerface has a great impact on 
limiting the dark current of the device. The calculated dark 
current per unit length of the MSM fingers for the InAlAs top 
layer device structure is plotted against the applied voltage and 
is shown as the solid line in Fig. 6. The dark currents for the 
other MSM devices sketched in Figs. 2 and 3 are also plotted 
in Fig. 6. From inspection of Fig. 6, it is clear that the dark 
currents per unit length of the MSM fingers for the different 
devices considered here are comparable and limited to very 
small values under low applied bias conditions. 


Fig. 6. Dark current per unit length of the MSM fingers vs. applied bias for 
the devices shown in Figs. 1-3. 

As the applied bias is increased, the breakdown voltages for 
the different devices in Figs. 1-3 are seen to be significantly 
different. In the device structure in which the top layer 
is made from InAlAs, no reverse bias breakdown occurs 
over the applied voltage range considered here. In contrast, 
very sharp breakdown occurs at nearly the same applied 
voltages in the other three structures. In these three device 
structures the contacts are all formed on InGaAs, either 
using a low temperature growth technique or through use 
of the P+ assist layer. The simulator predicts that carrier 
multiplication through impact ionization occurs primarily in 
the vicinity of the Schottky contacts where the local electric 
field reaches its maximum value. Depending upon the applied 
bias, the local electric field near the Schottky contacts can 
become sufficiently large to initiate impact ionization. These 
large fields near the contacts and the subsequent initiation of 
the impact ionization processes have been reported in GaAs 
MESFET studies as well [29], where it was found that the 
impact ionization near the drain and gate edges dominates 
the transport in these devices. The field distribution near the 
Schottky contacts can, therefore, be responsible for the slight 
variation in the breakdown voltages for the devices with an 
InGaAs layer located under the Schottky contacts. 

The impact ionization rate within the underlying layers 
under the Schottky contacts depends strongly upon the nature 
of the material composition. In the devices in which the 
top contacts are made to InGaAs, the breakdown voltages 
are much lower than in the InAlAs top layer device. This 
follows directly from the fact that the band gap energy in 
InGaAs is much lower than in InAlAs and as such, the impact 
ionization rate is significantly less in InAlAs than in InGaAs 
at comparable electric field strengths. In Table I, the impact 
ionization rate parameters for InGaAs and InAlAs used in 
the simulation are listed for comparison. Further inspection 
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Fig. 7. Calculated current impulse response per unit length of the MSM 
fingers for the devices shown in Figs. 1-3 at an applied bias of —5 V. Notice 
that the collected output current for the device of Fig. 1 (circled legend) is 
very small in comparison to that of the other devices and the shape of the 
Gaussian input signal is completely lost. The inset of this figure is presented 
for clarity. 

of Fig. 6 shows that the breakdown voltages for the devices 
that have an InGaAs top layer under the contacts are much 
lower than that for the device where InAlAs is grown under 
the Schottky contact. The difference in the impact ionization 
rate coefficients explains the large difference in the breakdown 
voltages between the devices with InGaAs and InAlAs layers 
under the Schottky contacts. 

Under illumination conditions, the holes from the optically 
generated electron-hole pairs (EHP’s) become the majority 
current carriers collected at the Schottky contacts of the 
device in Fig. 1. The valence band edge discontinuity from 
the InAlAs-InGaAs heterointerface can act to drastically limit 
the collected signal current at the Schottky contacts. Only 
holes that have sufficient kinetic energy to thermionically 
emit over the hole barrier or tunnel through it can contribute 
to the signal current collected at the Schottky contacts. The 
calculated current impulse response for the InAlAs top layer 
device collected at the biased Schottky contact is shown as 
the circled legend in Fig. 7, and repeated in the inset of the 
same figure for clarity. The input power density used is 1 
mW/cm 2 and the absorption coefficient of the n-InGaAs active 
layer at 1.55 /an is 8 x 10 3 cm -1 [20]. The input signal is 
assumed gaussian in time and has a full width at half maximum 
(FWHM) of 5 ps. The applied bias is held constant at -5 V. It 
is evident from Fig. 7 that there is almost no collection of the 
current signal at the biased Schottky contact. Moreover, the 
shape of the input signal is completely lost. This is partly 
due to the relatively high valence band edge discontinuity 
at the InAlAs-InGaAs heterointerface and to the fact that 
the carrier energies are fixed to the lattice thermal energy 
within the context of the drift-diffusion model. As a result 
little appreciable hole current flows through the top contacts. 
Instead, most of the current flow is through the substrate. 



Fig. 8. Calculated current impulse response per unit length of the MSM 
fingers for the InAlAs top layer device of Fig. 1 at an applied bias of —5 V 
as the valence band edge discontinuity at the InAlAs-InGaAs heterointerface, 
A£V, is varied from 0.21 eV to 0.0 eV. Notice the sharp increase in the 
output current peak as A E v approaches 0 eV. 

To demonstrate the effect of the valence band edge dis- 
continuity, we fictitiously changed the affinity of InAlAs 
in the simulation in such a way as to eliminate the hole 
barrier at the InAlAs-InGaAs heterointerface. Fig. 8 shows 
the calculated current impulse response with A E v set to 
zero at the InGaAs-InAlAs heterointerface. For the sake of 
comparison, Fig. 8 also shows the impulse response with the 
correct valence band edge discontinuity of 0.21 eV and a 
median value of 0.1 eV. As can be seen from Fig. 8, the 
collected current signal increases dramatically as the valence 
band edge discontinuity decreases toward zero. Moreover, the 
output signal starts to approach the gaussian shape of the input 
as the valence band edge discontinuity approaches zero. On 
the basis of these observations, it appears that the hole barrier 
at the InAlAs-InGaAs heterointerface significantly limits the 
collected current signal at the Schottky contacts of the device. 

In addition to thermionic emission at the heterointerface, 
carrier tunneling can also occur. The effect of tunneling at 
the heterointerfaces of the device on the collected current is 
examined using the WKB approximation for calculating the 
tunneling probability and the Boltzmann distribution function 
for calculating the tunneling current [15]. In this model, the 
tunneling current is incorporated as a boundary condition at 
the heterojunction interfaces [15] and is added to the limiting 
current obtained from the drift-diffusion/thermionic emission 
models as described above. Fig. 9 shows the calculated im- 
pulse response for this device with and without the tunneling 
model. Also shown in Fig. 9 is the impulse response of the 
device as the top InAlAs layer thickness is varied. Notice 
that as the InAlAs layer thickness is decreased, which in turn 
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Time [nS] 

Fig. 9. Current impulse response per unit length of the MSM fingers for 
the InAlAs top layer device of Fig. 1 at an applied bias of —5 V calculated 
with (square) and without (circles) the tunneling current for an InAlAs barrier 
width (BW) of 200 A. The curve with the triangular legend is the response 
(including tunneling) of the same device, but with an InAlAs BW of 50 A. 

decreases the width of the barrier, the tunneling contribution 
to the output current signal increases. In addition, for the 
different InAlAs layer thicknesses shown in Fig. 9 the effect of 
the tunneling current on the collected current signal is clearly 
negligible. Moreover, the gaussian shape of the input signal 
is not clearly observed in the collected output current signal 
even when tunneling is included into the model. 

In an effort to explain the temporal response of the device in 
Fig. 1, we compared results obtained from the present model 
to the experimental results by the authors in [5], [30] and 
the Monte Carlo studies of Sano [31.] Our model predicted 
extremely long fall times in comparison to the results reported 
in these references for devices that are similar in geometry 
and operating conditions. A possible explanation for this 
discrepancy lies within the assumptions of the drift diffusion 
model itself. Contrary to the Monte Carlo model of Sano [31], 
the drift diffusion model assumes that carriers lie at the edges 
of the bands in terms of energy and it does not account for any 
hot carrier transport. Furthermore, carrier energies are fixed to 
the lattice thermal energy. This is not always true especially 
under high field variations or small finger spacings of MSM’s 
where carrier energies are much higher than the lattice thermal 
energy. Consequently, the drift diffusion model underestimates 
the actual transport across the InAlAs-InGaAs heterojunction 
because the distribution of carrier energies is assumed to be 
in equilibrium with the lattice. A more reasonable distribution 
function would be a heated distribution that takes into account 
hot carrier transport. Therefore, to accurately describe the 
transport for this device a more advanced model capable 
of tracking the energy of the carriers and allowing for hot 
carrier effects may be necessary. Further investigations of the 


device studied here will be pursued in a future work using an 
advanced energy balance model. 

The blocking nature of the hole barrier at the abrupt 
InGaAs-InALAs heterointerface can be minimized by using a 
graded In 0 . 53 (Ga x Ali_ x )o. 47 As layer between the absorbing 
InGaAs layer and the InAlAs barrier layer. This idea has 
been investigated by several authors [30]— [32] in which they 
compared the response of graded and abrupt junction devices 
and found that the use of a graded Ino. 53 (Ga x Ali_ x )o. 47 As 
layer/superlattice between the InGaAs and the InAlAs yields 
a faster response than just using an abrupt junction. Although 
the use of a graded layer may enhance the performance of 
InGaAs based MSM’s, it deprives them from their distinct 
attributes of simplicity and compatibility with existing FET 
technologies. 

B. Assist Layer , Quasi-Schottky Device 

It has been reported [9] that the Schottky barrier height on 
InGaAs can be effectively increased by growing a thin layer of 
p+-InGaAs on top of an n-InGaAs layer. A schematic diagram 
of such a structure is shown in Fig. 2. The n + InGaAs layer, 
whose function is to prevent rectification at the InGaAs/InP 
junction, is chosen to be 0.2 /zm thick and doped at 10 18 cm” 3 . 
The n + InP buffer layer is taken as 0.1 jim thick and is also 
doped at 10 18 cm“ 3 . The top p + InGaAs layer thickness and 
doping density have to be designed in such a way that this 
layer is fully depleted and the barrier height enhancement is 
maximized [9]. The layer thickness used in this paper is 36.5 
nm and the doping density is 10 18 cm -3 . The barrier height 
for the Schottky contacts deposited on the p + InGaAs layer 
is -0.18 eV [9]. Since the conduction and valence bands for 
this device track each other (no heteijunctions present), Fig. 5 
shows that the effective electron barrier height is ~0.54 eV. 
This effective barrier height is measured as the difference 
in potential energy between the potential maximum and the 
edge of the depletion region (see Fig. 5.) This relatively high 
effective barrier height limits the dark current of the device 
to acceptably small values. A plot of the dark current as 
a function of voltage is shown with the dotted legend in 
Fig. 6. Note that the impact ionization breakdown voltage for 
this device occurs at a much lower voltage than that of the 
device of Fig. 1. This low breakdown voltage is due to impact 
ionization near the Schottky contact edges where the local 
electric field is very large and to the high impact ionization 
rate coefficients of the low-bandgap InGaAs material. 

From the band edge diagram shown in Fig. 5, it is clear that 
the p + InGaAs layer is fully depleted and that the Schottky 
contacts form a soft barrier for holes. This hole barrier will 
limit the collection of the photogenerated holes at the Schottky 
contacts. This can easily be seen by examining the impulse 
response of this device and comparing it to the response of 
the same device with the exception that the Schottky contacts 
are replaced with ohmic contacts. Fig. 7 shows the output 
current signal response per unit length of the MSM finger as 
a function of the collection time for this device with Schottky 
and ohmic contacts. Since there are practically no barriers for 
holes under the ohmic contacts (See Fig. 5), the output signal 
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current collected at the ohmic contacts is clearly much higher 
than that collected at the Schottky contacts. Fig. 7 also shows 
the rise and fall times of the different devices studied. It is 
clear that the impulse response for the quasi-Schottky device 
of Fig. 2 with ohmic contacts outperforms that of the same 
device with true Schottky contacts. However, it is much harder 
to grow ohmic contacts on heavily doped p-type materials. 

C. Low Temperature-Grown Schottky Contact Device 

Recently it has been reported [10] that the barrier height 
on n-InGaAs can also be improved by growing the Schottky 
contacts at cryogenic temperatures. Lee et al [10] achieved 
a barrier height of 0.6 eV by growing Ag metal Schottky 
contacts at a temperature of 77 K. The device of Fig. 3 
assumes the barrier height of the Schottky contacts is 0.6 eV. 
The InGaAs and the InP layers are 2 /zm thick each and doped 
n-type at 10 15 cm~ 3 . The Schottky barrier height of this device, 
which determines the dark current response, is comparable 
to those for the devices of Figs. 1 and 2. Fig. 6 shows the 
dark current as a function of the applied bias for this device. 
Note that the breakdown voltage occurs at ~5.5 V. This low 
breakdown voltage, again, is due to the combination of high 
impact ionization rate coefficients in InGaAs and the large 
electric fields near the Schottky contact edges. 

The time impulse response of this device is studied next. 
From inspection of the valence band diagram shown as the 
dashed curve in Fig. 5, it is clear that the valence band edge 
in this device has no hole barrier under the Schottky contacts. 
This fact is very attractive since it leads to a large collection 
efficiency of the photogenerated holes at the Schottky contacts 
as in the case of the p + assist layer device of Fig, 2 with 
ohmic contacts. Yet the electron dark current is greatly reduced 
by the relatively large Schottky barrier height. The collected 
output signal current per unit length of the MSM fingers of the 
low temperature grown Schottky contact device is shown as 
the curve with the diamond legend in Fig. 7. Notice that the 
output signal current peaks at roughly the same value as that 
found for the p + assist layer device with ohmic contacts. Both 
of these structures show a significantly higher peak in the 
output signal current in comparison to the peak response of 
the other MSM's studied. Additionally, both structures show 
a much smaller full width at half maximum than either the 
InAlAs top layer device or the p+ assist layer device with 
Schottky contacts. Fig. 7 also shows the rise and fall times of 
the low temperature grown Schottky contact device. The high 
responsivity of this device is due mainly to the absence of hole 
barriers under the collecting Schottky contacts. 

IV. Conclusion 

Excessively high dark currents arise in metal- 
semiconductor-metal InGaAs based photodetectors due 
to the low Schottky barrier heights typically formed on this 
material. Several different approaches have been suggested 
to reduce the dark currents by effectively enhancing the 
potential barrier heights for electrons at the collecting 
contacts in InGaAs based MSM devices. In this paper, we 
have theoretically examined the response of three different 


InGaAs-based interdigitated MSM photodetectors, suitable 
for use in the low loss window of silica optical fibers, 
which incorporate different schemes for increasing the 
potential barrier height and thereby reducing the dark current. 
The calculations are made using a two-dimensional drift 
diffusion model that incorporates both thermionic emission 
and tunneling across heterobarriers. 

The first device structure, that shown in Fig. 1, where an 
InAlAs layer with a Schottky barrier height of ~0.65 eV 
is grown on top of the active InGaAs layer. This device 
enhances the effective Schottky barrier height but it introduces 
considerable electron and hole barriers at the InGaAs-InAlAs 
heterointerface. The effective barrier for electrons acts to limit 
the dark current of this device. The hole barrier, however, 
drastically limits the collection of the photogenerated holes 
from the InGaAs active region of the device when operated at 
low to moderate biases. We have shown that, in the absence 
of the hole barrier at the InGaAs/InAlAs heterointerface the 
collected current signal at the top Schottky contacts of this 
device is much higher than the case when this barrier is present 
and the output signal retains the shape of the gaussian input 
signal. The tunneling current contribution across the 200 A 
wide square barrier formed under the Schottky contacts is 
found to be negligibly small to affect the collected output 
current signal at the applied bias of -5 V used here. As the 
InAlAs barrier layer thickness is made smaller the tunneling 
current contribution starts to increase. It is expected that at 
higher applied biases the voltage drop in the barrier region 
increases and the barrier starts to look triangular in shape 
where a more appreciable tunneling current contribution is 
possible. However, for InAlAs barrier layer thicknesses of 
200 A or more, as has been used for similar devices in the 
literature [5], [6], [30]-[32], and at an applied bias of -5 
V, the calculated tunneling current is found to have little 
effect on the collection of the photogenerated holes. We have 
indicated that the drift diffusion model may be insufficient 
to describe the actual transport across the InAlAs-InGaAs 
heterojunction and that a more advanced, energy balance, 
model is necessary. The distinct features of this device, nev- 
ertheless, are the facts that the dark current is very small, 
as is clear from Fig. 5, and the breakdown voltage occurs 
at a much higher bias than that of the devices of Figs. 2 
and 3. 

An alternative means of enhancing the effective Schottky 
barrier height on InGaAs, using a p + assist, quasi-Schottky 
device shown in Fig. 2 is considered. For this device the 
top p + InGaAs assist layer forms a p + -n homojunction with 
the active n- InGaAs layer. The depletion region of these 
two layers forms what is called a quasi- Schottky contact 
with a barrier height of ~0.54 eV. However, the Schottky 
contacts deposited on the p + InGaAs layer introduce a soft 
hole barrier (See Fig. 5) that acts to limit the collection 
efficiency of this device. This hole barrier can be eliminated by 
depositing ohmic contacts at the p + InGaAs top layer instead 
of the existing Schottky contacts. The transient response 
of this device with ohmic contacts is very attractive since 
high responsivity and speed of response are achieved as is 
evident from Fig. 7. However, the disadvantage of using ohmic 
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contacts in this device lies in the fact that it is generally much 
harder to make ohmic contacts on p + materials. The quasi- 
Schottky device with ohmic or Schottky top contacts suffers 
from low breakdown voltages in comparison with the InAlAs 
top layer device of Fig. 1 . Moreover, many more processing 
steps are required for this device during growth. 

Finally, the response of the device in Fig. 3 where a 
barrier height of 0.6 eV was obtained by depositing Schottky 
contacts at a temperature of 77 K is examined. The calculated 
dark current of this device is found to be very small and 
comparable to that of the quasi-Schottky device with ohmic 
contacts. The breakdown voltage for this device is rather 
poor and it is due to the large local electric fields near the 
Schottky contact edges and the low bandgap of InGaAs. A 
high responsivity is obtained for this device as is shown 
in the calculation of the output current impulse response in 
Fig. 7. This high responsivity is mainly due to the absence 
of any hole barriers under the Schottky contacts since holes 
are the majority current carriers at the top Schottky contacts 
under illumination conditions. Note that the peak in the output 
signal response of this device is practically the same as that 
of the p + assist, quasi-Schottky device with ohmic contacts 
since for both of these devices there are no hole barriers 
present under the collecting contacts. The simplistic structure 
of this device is advantageous over those of Figs. 1 and 
2 since fewer processing steps are required. However, the 
stability of the low-temperature grown Schottky contacts as 
a function of operating temperatures is not fully established. 
More experimental work is needed to study the effect of 
temperature variations on the barrier height and the response 
of this device. 

Based on the calculations presented here, optimal perfor- 
mance as measured in terms of limited dark current and speed 
of response of InGaAs based MSM structures is achievable 
using either low-temperature grown Schottky contacts or using 
a p + quasi-Schottky device with ohmic contacts. Though these 
device structures are predicted to outperform other InGaAs 
MSM designs in terms of speed of response they suffer 
from low breakdown voltages due to the small bandgap of 
InGaAs. Furthermore, the full exploitation of these two device 
structures may be limited by materials issues. 
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Influence of Hot Carrier Transport on the 
Transient Response of an InGaAs/InAIAs 
Metal-Semiconductor Schottky Diode Structure 

Ali F. Salem and Kevin F. Brennan 


Abstract — The calculated transient characteristic of a heterostructure, 
rectifying contact is theoretically examined. It is found that hot carrier 
transport drastically affects the output terminal characteristics of the 
heterostructure Schottky contact and, hence, the workings of a blocking 
contact. This is of importance to the understanding of InGaAs MSM 
devices in particular, as well as any structure which contains a blocking 
contact in general. 


In this paper, we use a HD model l\] that is capable of tracking 
the carrier energies as well as the carrier concentrations and carrier 
velocities to study the temporal response of the current in a blocking, 
heterostructure contact. Specifically, we examine an important exam- 
ple of a blocking contact, an InGaAs/InAIAs Schottky diode structure 
that is commonly present in InGaAs-based metal-semiconductor- 
metal (MSM) photodetectors to reduce the dark current. 

Previous theoretical analysis of InGaAs-based MSM’s [2] using 
a drift-diffusion (DD) model showed that the top InAlAs layer 
introduces electron and hole barriers near the metal Schottky contacts 
of the MSM that limit not only the dark current of the structure 
but its transient response as well. Transient response calculations 
using the DD model predicted extremely long rise and fall times 
[2] but these predictions seem to be inconsistent with measured data 
on comparable device structures [3]. In this work, we will show using 
HD calculations of the transient response of this device, that carrier 
heating effects can result in much shorter rise and fall times than 
those predicted using the DD model which are more consistent with 
experiment. 

The complete hydrodynamic (HD) model used in this work is an 
extension of the DD model [2], [4] which includes the additional 
solution of the electron and hole carrier energies based on the 
approach of Blotekjaer [1] and Azoff [5]. Analytical models for the 
mobilities and constant values for the relaxation times are utilized 
since more accurate Monte Carlo based parameters are not presently 
available to us. 

The HD system of equations is solved in series with a thermionic 
emission boundary condition for Schottky contacts and heterojunc- 
tions. Only carriers that have sufficient kinetic energy to surmount 
the barriers at a heterojunction interface are emitted from one side of 
the junction to the other. The thermionic emission current condition 
is based on Crowell’s and Sze’s thermionic emission-diffusion theory 
[6]. The extension of this theory to hot electron transport has been 
derived by several authors [7]-[9], The thermionic emission bound- 
ary conditions for electrons and holes at heterojunction interfaces 
implemented in this work are similar to those reported in [9]. 

Manuscript received July 24, 1995; revised October 30, 1995. The review of 
this brief was arranged by Editor Alan H. Marshak. This work was supported 
in part by ARPA through Contract to NASA, NAGW-2753, and by the Digital 
Equipment Corp., through Contract E2I-H36. 

The authors are with the School of Electrical Engineering and Microelec- 
tronics Research Center, Georgia Institute of Technology, Atlanta, GA 30332 
USA. 

Publisher Item Identifier S 0018-9383(96)02690-1. 


The HD model is used to investigate the temporal response of 
a structure containing a partially blocking heterostructure Schottky 
contact. For purposes of illustration and because of its relevance to the 
study of InGaAs based MSM devices, specifically an InGaAs/InAIAs 
diode structure with a top Schottky contact is investigated. The doping 
levels in the semiconductor layers are fixed to 10 u cm -3 n-type. The 
top InAlAs layer is 80 nm thick and the thickness of the active InGaAs 
layer is 1.92 //m. The width of the device is assumed to be 2.0 //m. 
The material parameters used in the simulation are the same as those 
used in [2]. The input optical generation signal is gauss ian in time 
and decays exponentially away from the top of the device. The full 
width at half maximum (FWHM) of the input signal is 5 ps and the 
input power is l mW/cm 2 . For simplicity, the top Schottky contact 
is assumed to be transparent. The wavelength of the input signal is 
taken as 1.55 //m. 

To examine the effect of carrier heating in the device, the carrier 
energies for both electrons and holes are calculated at an applied bias 
of —15 V. These results are shown in Fig. 1. From inspection of 
Fig. 1 it is clear that the electrons and holes are significantly heated 
beyond thermal equilibrium conditions. Provided the carrier heating 
is sufficient to give the carriers enough energy to offset the effect of 
the heterojunction barrier, then the transport near the heterojunction 
interface can change significantly and the long rise and fall time of 
the transient response predicted using the DD model will, in turn, be 
significantly diminished. As can be seen from Fig. 1, the hole energy 
drops dramatically near the 2 ^m length end of the device due to the 
presence of the InGaAs/InAIAs heterobarrier. Recall that the holes 
move from left to right in the diagram (the negative voltage is applied 
to the right hand contact) while the electrons move in the opposite 
direction. After crossing the heterobarrier, the holes are first cooled by 
the loss of kinetic energy to the potential barrier but are then slightly 
heated by the field within the InAlAs layer until they are collected at 
the Schottky contact. The holes are collected at the Schottky contact 
at an energy above thermal equilibrium. The electrons, on the other 
hand, are injected from the Schottky contact into the InAlAs layer. 
They then cross the InAIAs/InGaAs heterobarrier gaining kinetic 
energy from the potential discontinuity. The x = 0 boundary is ohmic 
and therefore the electric field vanishes at that point. As such both 
the electron and hole energies essentially thermalize. However, the 
thermal ization of electron and hole energies occur at different rates 
and at different locations in the structure. This is possibly due to 
the fact that the holes are injected into an accelerating field while the 
electrons encounter a deceleration in the vicinity of the ohmic contact. 

Next, the calculated impulse response of the InGaAs/AHnAs Schot- 
tky diode device is examined. Fig. 2 shows the calculated impulse 
response at — 15 V using the DD model (solid curve) used previously 
[2] and the HD model (dashed curve) described above. Close exami- 
nation of Fig. 2 reveals that the rise and fall times of the output current 
signal of the HD model are dramatically shorter than those of the DD 
model and the output signal much more closely resembles the input 
gaussian signal. Fig. 2 also shows that the responsivity as measured in 
terms of the maximum of the output current signal is much higher for 
the HD results than for the DD results. The calculations were repeated 
using an applied bias of —5 V as shown in the inset of Fig. 2. Again, 
there is a substantial difference between the HD and DD predicted 
responses with the HD calculation in much closer agreement with 
the experiment [3]. 

To check the importance of other effects, tunneling was added 
to the DD model following the method of [10]. It was found that 
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Fig. 1. Electron and hole energy profiles for the InGaAs/InAlAs Schottky 
diode structure at an applied bias of - 15 V. The abrupt change in the energy 
at the heterojunction interface near the right side contact is due to the limiting 
thermionic emission boundary' condition. 


considered here. To check its effect, a field-dependent formulation of 
the impact ionization rate was included within both the HD and DD 
models. Calculations indicate that the impact ionization rate also does 
not greatly affect the calculated current response. The DD model still 
fails to recover the input gaussian signal even when both tunneling 
and impact ionization are included. This result indicates that the 
failure of the DD model to reproduce the correct temporal response 
is most probably due to its failure to track the energies of the carriers. 

It is important to note that carrier heating is determined to a large 
extent by the relaxation times used in the simulation. The relaxation 
time used in the simulation is a lumped parameter representing the 
contribution of all of the possible scattering relaxation mechanisms 
and is simply an estimate of these effects. The relaxation times are not 
well known for the materials used in this device, and for that reason 
we examined various values of the relaxation times, from 0. 1-0.5 ps, 
on the calculated transient response. It is found that as the relaxation 
times decrease, the effect of carrier heating on the temporal response 
becomes less significant and the HD model results approach that of 
the DD model as expected. At longer relaxation times, 0.4-0.5 ps, a 
fast response in the calculated output current is obtained. 

In conclusion, the DD model poorly accounts for the temporal re- 
sponse of the current flow across a heterostructure, blocking Schottky 
contact due to the failure of the DD model to properly track the carrier 
energies and hence their respective currents. Using a more advanced 
HD model, which properly tracks the carrier energies, it is seen that 
much shorter rise and fall times are predicted, in closer agreement 
with experimental measurements made on an MSM device containing 
a similar heterostructure Schottky contact. 


0.45 

0.4 

0.35 

Ef 0.3 

| 0.25 

£ 0-2 
<D 

§ 0.15 
0.1 
0.05 
0 



0 10 20 30 40 50 60 70 80 90 100 


Time [ps] 


Fig. 2. Calculated current transient response of the device obtained from 
the DD model (solid curve) and the HD model (dashed curve) at an applied 
bias of -15 V. Note that the HD model predicts a gaussian shaped output in 
relatively close agreement with the input signal while the DD response shows 
an extremely long rise time. The inset shows the calculated transient response 
of the device using both the DD (solid curve) and HD (dashed curve) models 
at an applied bias of - 5 V. Again, note that the HD model predicts a gaussian 
shaped output in relatively close agreement with the input signal while the 
DD model shows a much longer rise time. 
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even at -15 V bias the current response for the device considered 
here is not greatly affected by the inclusion of tunneling, resulting 
in a qualitatively similar temporal response as shown in Fig. 2, 
Additionally, impact ionization may possibly be important at the bias 
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Numerical Examination of Silicon Avalanche 
Photodiodes Operated in Charge Storage Mode 

Joseph W. Parks, Jr. and Kevin F. Brennan 


Abstract — The behavior of silicon-based avalanche photodiodes 
(APD’s) operated in the charge storage mode is examined. In 
the charge storage mode, the diodes are periodically biased 
to a sub-breakdown voltage and then open-circuited. During 
this integration period, photo-excited and thermally generated 
carriers are accumulated within the structure. The dynamics of 
this accumulation and its effects upon the avalanching of the 
diode warrants a detailed, fully numerical analysis. The salient 
features of this investigation include device sensitivity to the input 
photo-current including the self-quenching effect of the diode and 
its limitations in sensing low light levels, the dependence of the 
response on the bulk lifetime and hence on the generation current 
within the device, the initial gain, transient response, dependence 
of the device uniformity upon performance, and the quantity of 
storable charge within the device. To achieve these tasks our 
device simulator, STEBS-2D, was utilized. A modified current- 
controlled boundary condition is employed which allows for the 
simulation of the isolated diode after the initial reset bias has been 
applied. With this boundary condition, it is possible to establish 
a steady-state voltage on the ohmic contact and then effectively 
remove the device from the external circuit while still including 
effects from surface recombination, trapped surface charge, and 
leakage current from the read-out electronics. 

Index Terms— Avalanche photodiodes, numerical simulation. 


I. Introduction 

A VALANCHE photodiode (APD’s) arrays have received 
attention as a high-resolution, high-sensitivity alternative 
to charge-coupled devices (CCD’s) for low light level and 
night vision sensing [ 1 )— [3]. Although it is unclear as to 
whether these devices will be able to surpass the techno- 
logically mature CCD, advances in process uniformity may 
eventually allow large arrays of these devices to be incorpo- 
rated in an active pixel sensor (APS) for very high resolution 
applications [4], Toward this purpose, the APD is best utilized 
by configuring it in the charge storage mode where the device 
can collect charge over the entire integration period rather than 
just during the short sample/read-out time. In this mode the 
diode is initially biased to a potential somewhat below the 
breakdown voltage yet high enough that impact ionization is 
prevalent, the actual bias being design dependent. Following 
this reset period the external bias is removed, the diode is 
physically isolated from the circuit and, over time, recovers 
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back to equilibrium. The length of time required for the 
diode to recover is dependent upon a number of parameters 
such as generation lifetime, quantity of signal and background 
radiation, and leakage to the read-out circuit. During the 
first stage of the recovery, the charge added to the diode 
can be multiplied within the high-field depletion region of 
the device and is stored within the internal capacitance of 
the junction. For very low light levels the gain is somewhat 
uniform throughout the assumed integration period of 10 ms. 
As a greater number of carriers are generated within the device, 
however, the stored charge begins to lower the internal bias 
of the device by filling the depleted space charge region. 
Hence, the amount of avalanche gain drops in a complex, 
nonlinear fashion throughout the integration period. This is the 
previously reported self-quenching mechanism which provides 
excellent anti-blooming [5]. Furthermore, due to its high 
sensitivity at low light levels and low gain at high levels, 
this device provides a response well matched to the sensitivity 
of the human eye. 

Most previous analyses of the charge storage configuration 
of diodes have relied on analytical approximations to the 
underlying physical problem [2], [6]. In this study, we numeri- 
cally examine the operation of the APD using a drift-diffusion 
simulator which self-consistently solves the Poisson and the 
current continuity equations. Usage of a completely numerical 
approach obviates the need for many of the simplifying 
approximations typically employed. Additionally, nonlinear 
features such as the field dependent ionization rates and 
mobilities can be included directly into the simulation. 

The primary objective of this work is to provide a general 
picture of the operation of charge-storage APD’s for sensing 
low light level signals. This is obtained with a light-in to 
signal-out perspective using a realistic night sky illumination 
spectrum as an input to the model. The material system of 
interest here is silicon due to the ease of integration into 
either APS or CCD technology. Although silicon is particularly 
inefficient over the wavelengths of interest, it is still the best 
current option due to the maturity of its technology. Emerging 
commercial applications such as automotive night time driving 
aids will most likely rely on silicon-based imagers due to 
the low cost of the technology and its moderately low dark 
currents at room temperature. 

For comparison, the simulations are performed using 
two different generic APD designs. First, a reach-through 
avalanche photodiode (RAPD) design which combines the 
features of high quantum efficiency and short response time by 
dividing the voltage drop between a high field multiplication 
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region and a low field drift region is simulated. Next, a 
standard p-n junction diode in which the majority of the 
depletion region supports a high electric field is examined. 
The response and charge storage capabilities of these two 
designs differ in the manner in which the depletion region 
is filled during recovery. Using these designs as a test bed, 
several numerical experiments are performed. Specifically, 
we examine the diode sensitivity to various levels of input 
photocurrent, determine the quantity of storable charge within 
the structure, observe the dependence of the bulk generation 
lifetime on the device performance, and provide an analysis 
of the transient response of the device. 

II. Model Description 
A. Electrical Model 

To better understand the performance of APD’s operating in 
the charge storage mode, the sample APD device structures are 
simulated using the drift-diffusion subset of the Semiconductor 
Total Energy Balance in Two-Dimension (STEBS-2D) model 
[7], [8]. In this model, Poisson’s equation and the electron 
and hole continuity equations are solved self-consistently to 
give the electric potential and the carrier concentrations within 
the device. It is believed that the drift-diffusion model is 
sufficient for examining these structures due to the fact that the 
characteristic dimensions are on the order of microns where the 
physics of nonstationary transport can be generally neglected. 
The resulting fundamental partial differential equations used 
within this study to describe the homogeneous system are 

Y(s r VV) = -(p-n + A T + - N ~ ) ( 1 ) 

Co 

- -V • ./„ - G n + Rn + 5 = 0 (2) 

q ot 

-V ■ J p -G p + R p + ^ = o (3) 
J n = qtr n nE + qD n Vn (4) 

Jp = WppE - 

where the system variables have their usual representation. The 
recombinative terms, R n / P , include the sum of SRH, Auger 
and radiative rates [9]. Note that these are predominately 
generative under reverse bias conditions. The usual field 
dependent electron and hole mobility models are also used for 
silicon [9] and the diffusivities follow the Einstein relation. 

The generation rates within the device are the important 
mechanisms which drive the diode toward its equilibrium state. 
Within this model, these entail the sum of photo-generation 
and impact ionization rates. The photo-generation rate follows 
an exponential decay into the crystal given by 

G P h = '52n* i )e- {a{Xi)d) < 6 > 

t 

where /(A) is the density of incident photons at wavelength 
A and o(A) is the wavelength dependent absorption rate. The 
impact ionization rate follows the standard field dependent 


model 

( ffgkVj 

G ii(n/P) = Jl J (»/p)K"/P> e ^ ' " ' ' (7) 

with the electric field magnitude in the direction of the carrier 
flux given as E\\. 

The system of equations given by (1M5) is nonuniformly 
discretized using a rectangular control-volume finite-difference 
method [10]. The resulting system of equations is linearized 
using a multi-dimensional Newton’s method and is solved us- 
ing the NSPCG mathematics library for nonsymmetric systems 
[ 11 ]. 

B. Boundary Condition 

Typically, when modeling ohmic contacts within a semicon- 
ductor device, the boundary condition along the periphery of 
the simulation domain is mathematically treated as a Dirichlet 
boundary where the electrostatic potential is set to a constant 
value for a given time step. This configuration implicitly 
assumes that the semiconductor device under investigation 
can be numerically treated as a voltage controlled current 
source. There are situations, however, when a more appropriate 
description of the boundary involves specifying the current at 
the contact rather than the potential. One such application is 
the examination of the reverse recovery within a diode. 

Several simulation techniques which incorporate current- 
controlled boundaries have been reported [12], [13]. These 
models rely upon the specification of an external circuit to 
regulate the current flow out of the contact. In this manner, 
the potential remains the controlled variable while the carrier 
concentrations are established using the combined assumptions 
of charge neutrality and carrier equilibrium at the contact. 
These techniques are applicable for the transient analysis of 
a device so long as the displacement current is accounted for 
within the simulation, the device remains under bias, and the 
load resistance from the external circuit remains sufficiently 
low. 

Modeling the reverse recovery of an APD, however, in- 
volves removing the reset bias and open-circuiting the device. 
This produces both physical and numerical ramifications which 
cannot be adequately handled with an external circuit. When 
the diode is electrically isolated after the initial reset bias 
has been established, the voltage at the cathode floats. The 
metal contact is physically disconnected from the infinite 
source of carriers previously supplied by the external voltage 
source. Thus, the infinite surface recombination implicit in 
the standard ohmic boundary is no longer applicable and the 
assumption of carrier equilibrium at the contact will no longer 
hold. Additionally, modeling the open-circuited device by 
using an arbitrarily large load resistance between the contacts 
produces numerical instabilities arising from the round-off 
error associated with the calculation of the terminal currents. 
Furthermore, the cathode voltage is determined solely by 
the distribution of charge within the diode itself, not by the 
connection to an external circuit. 

Of primary concern is establishing a consistent boundary 
condition which physically models the recovery process within 
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the diode. The dissemination of the external current into the 
respective electron and hole currents at an ohmic contact 
is a nontrivial problem which is not well defined on the 
macroscopic level. For simplicity, one method of partitioning 
the currents is to assume that the total current is distributed into 
the electron and hole components relative to their respective 
densities at the contact. This is the approach previously 
reported in the PC-1D model [14], and can be expressed as 


n 


n + p 




n + p 


*A» — 9^surf* 


( 8 ) 


The surface recombination rate, i? sur f * given by the usual ex- 
pressions [9], accounts for the influence of traps and dangling 
bonds at the semiconductor-metal interface. The additional 
constraints placed upon the system are 


Jn 4” J-p — Jext 

(9) 

d'i 
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(10) 


which simply states that the external current is equal to the 
sum of the carrier currents at the contact and that the gradient 
of the potential at the contact is proportional to any charge at 
the interface. Combining (8) and (9) yields expressions setting 
the distribution of currents into a contact 

P 

Jp = qRsurf H " ’ Jext (11) 

n + p 

J n = —qRsuri H ] ' ^ext* (12) 

n +p 

These current densities are used directly within the control 
volume formulation of the discretized continuity equations. A 
full two-dimensional (2-D) analysis of the diode archetypes 
used in this study is warranted if effects such as edge break- 
down of the planar structure, gain nonuniformity either within 
a pixel or across pixels, or electrical crosstalk are of interest. 
However at this time, we are only interested in the charge 
storage related aspects of these devices and consequently it 
is possible to treat them as one-dimensional devices. This 
assumption allows the analysis to be independent of geo- 
metrical specifics, and most importantly, the external current 
density, J ex t , at the current specified boundary condition is 
now proportional to the total current by the cross-sectional area 
of the contact. For 2-D device simulation, this boundary can be 
utilized either by equipartitioning the current densities between 
nodes along the contact, imposing an additional constraint 
upon the sum of the currents flowing out of adjacent nodes 
comprising the contact, or by using a technique involving the 
additional simulation of the contacting metal [15]. 

The photo-illumination model used in these simulations is 
representative of the moonless, cloudless night sky. The input 
spectrum is taken from experimental measurements which 
include the contributions from airglow, stars, and zodiacal light 
over the range of 0.3- 1.1 fim with the nominal illumination of 
5.4 x 10 16 photons per cm 2 per second (p/s) [16]. A standard 
wavelength-dependent absorption coefficient for silicon is also 
used [17]. The total thickness of both devices is set at 50 fim, 
yielding an internal quantum efficiency of approximately 55% 
for this spectrum. The lateral dimensions of the diodes conform 
to typical pixel geometries of 25 ^m x 25 fxm. 



time (msec) 


Fig. 1. Voltage recovery of reach through APD versus time for five mag- 
nitudes of incident photo-illumination. Inset illustrates salient geometry of 
RAPD device under examination. 


III. Results of Slmulation 
A. APD Devices 

The principal objective behind modeling APD devices in 
this manner is to obtain a general picture of their performance 
when used in a flux integrating mode. To this end, two basic 
generic devices are examined. The first is a reach-through APD 
(RAPD) as illustrated in the inset of Fig. 1 [18], [19]. This 
diode consists of a 2-jim n + cap layer above a 1.5-^xm p- 
type multiplication layer. Below this is a large intrinsic layer 
and a thin highly-doped substrate making the entire structure 
50 fim in length. By design during the initial reset, a large 
electric field exists in the p-type layer and a modest drift 
field is established in the intrinsic region. Because of the 
illumination spectrum and the geometry of the device, the 
majority of the carriers are generated in the large intrinsic drift 
region where the electrons must be transported to the high field 
multiplication layer before the signal may be amplified through 
impact ionization. For a biased diode these photo-excited 
carriers are swept across the depletion region, collected at 
the contacts, and the signal is detected through the fluctuation 
in the external current within the circuit. However, for the 
case at hand there is no direct connection to the power supply 
during the integration period. The generated carriers are still 
transported across the depletion region where they may or may 
not undergo impact ionization depending on the magnitude 
and extent of the electric field. Following that, however, the 
charge is stored near the edges of the high field region within 
the device and does not interact with the external circuit. 
Therefore as charge accumulates within the depleted diode, 
the effective bias across the device is decreased, and hence 
drives the reverse recovery. 

The second design under consideration is a simple p-n 
junction APD as shown in Fig. 2. This device is very similar to 
the first except there is no intrinsic drift region and the p-type 
doping extends for the full length of the device. All carriers 
generated in the undepleted area must diffuse to the high 
field region before impact ionizing. Although the diffusion 
process leads to a slower response than the field aided within 
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Fig. 2. Reverse recovery of p-n junction APD device. Internal bias is plotted 
against time for the five different incident photo-illumination powers under 
consideration. Inset shows overall p-n junction device geometry-. 


the RAPD, the temporal response of the device is not a key 
concern here due to the rather large charge collection times 
under examination. Furthermore, since only a portion of the 
diode is depleted, the initial operating bias of the device 
is considerably lower. However, the nature of the diffusion 
process is in general omni-directional, therefore pixel crosstalk 
may be a concern and additional design complexity will be 
required to minimize image blurring. 


B. APD Performance 

The model described above is used to study the two sample 
APD devices. At the beginning of the simulation, the diodes 
are biased to their steady-state operating voltage. The bias is 
then removed and the current controlled boundary condition 
applied. At this point, the recovery of the diodes is numerically 
calculated. Within this study the photoresponse, effects of 
variations within the bulk lifetime, and the sensitivity of 
performance to the initial diode gain are numerically examined 
and comparison is made between the two device types. 

During the application of the reset bias, energy is stored 
within the internal depletion capacitance of the diode. Once 
the reset bias is removed and the cathode voltage freely floats, 
several mechanisms operate to neutralize the displaced charge 
either through an external leakage current or from generation 
of charge within the device itself. In the present study, the 
external leakage current from the read-out circuitry, J ex t * is 
neglected as is the surface recombination rate. The primary 
dark current source is the SRH mechanism due to the relative 
weakness of radiative and Auger recombination at the doping 
concentrations considered here. Except where specified, the 
SRH lifetimes for both electrons and holes are set at 100 /is. 

The first example we consider of the charge storage dynam- 
ics is for the case where photo-excited carriers are generated 
and collected within each device. Figs. 1 and 2 show the 
calculated reverse bias of the two diodes for illumination 
intensities ranging from 0.05 to 500 times the night sky 
spectrum (2.7 x 10 15 -2.7 x 10 19 photons per cm 2 p/s). The 
considerable difference between the initial bias of the two 


devices is due exclusively to the additional potential required 
to deplete the intrinsic region of the RAPD owing to the fact 
that the breakdown field in the multiplication region should be 
essentially the same between the two. Initially, both structures 
are depleted and the initial gain is set to 15. 

For the RAPD, there can be up to three regimes of operation 
depending upon the quantity of photo-illumination. As carriers 
are generated within the device, they are swept to the edges of 
the depletion region and stored. Additionally, any secondary 
carriers generated from impact ionization are also transported 
to the edge of the high field region. The total amount of charge 
which can be stored in the intrinsic region is approximately 
equal to the total amount of charge depleted during reset. The 
holes collected in the RAPD structure initially drift into the 
depleted intrinsic region. Due to the low doping, this region 
will fill rather quickly resulting in a rapid decrease in the 
calculated bias. This effect is evidenced in the simulation 
and can be observed directly from Fig. 1. For very low 
light levels the intrinsic region is never filled and a linear 
decrease in the bias is observed. However, this is not seen 
for higher illumination since the intrinsic region is quickly 
filled by stored charge. To increase the amount of storage in 
the drift region, the background doping can be moderately 
increased at the expense of the linearity and required initial 
bias. Up to the point of filling the intrinsic region, the gain 
within the device is essentially constant for all light levels. 
The second regime of operation occurs once the drift region 
has been filled and charge is stored at the edge of the high field 
multiplication region resulting in the degradation of the gain 
within the device. This reduction in gain is again dependent on 
the rapidity of charge being added to the structure and for this 
device the internal gain is negligible when the bias drops below' 
10 V. In the extreme case of high illumination intensity, the 
diode is completely restored to its equilibrium condition and 
then actually begins to become forward biased. Recombination 
processes prevent the diode from continued storage of charge 
once the diode becomes sufficiently forward biased. 

The reverse recovery rate of the p-n diode decays in much 
the same way as the RAPD with the exception of the initial 
recovery as seen in Fig. 2. Since the diode doesn’t contain 
a low-doped drift region, the collected charge is immediately 
stored at the edge of the high field multiplication region. The 
total decay is quantitatively similar to the second regime of 
the RAPD. For the three lowest light levels, the voltage is 
essentially linear over the time frame of interest. 

It is perhaps, more interesting to examine the actual stored 
charge within the device rather than the voltage drop resulting 
from its recovery. Typically, it is the stored charge which is 
sampled in the read-out circuitry [20]. Figs. 3 and 4 illustrate 
the total quantity of electron charge stored within each of 
the two devices as a function of integration time for the 
same variation in incident light levels as discussed above. 
During the first part of the integration, charge is collected 
in a linear fashion. As the total amount of charge increases, 
the gain begins to saturate resulting in an asymptotic square 
root dependence with time [8], [19]. However, this gain 
saturation is dependent upon the device being aptly biased. 
Once the diodes have recovered to the point where impact 
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time (msec) 


Fig. 3. Total stored charge within RAPD device during recovery. Incident 
illumination power corresponds to that in Fig. 1. 



time (msec) 


Fig. 4. Total stored charge in p-n junction device versus integration time. 



Fig. 5. Calculated stored charge in RAPD device for various SRH lifetimes. 



Fig. 6. Calculated stored charge in p-n junction device for various SRH 
lifetimes. 


ionization is negligible, a trend toward a linear recovery is 
again observed. This result is clearly seen in the figures 
for the highest illumination level. Following the full voltage 
recovery, any additional charge will tend to forward bias the 
device analogously to an open-circuited solar cell. As seen in 
the figure, the stored charge in the the p-n junction device 
saturates very abruptly as the additional carriers quickly drive 
the narrow junction into a high level injection state. However 
in the RAPD, carriers can easily spread into the low-doped 
region thus increasing the total capacity of the device. 

The next issue explored in characterizing the performance 
of flux integrating diodes is to look at how the Shock- 
ley-Read-Hall lifetime parameters affect the performance of 
the charge integration. For a CCD, it is absolutely critical 
that all defects be removed from the device if the transfer 
efficiency is to be near unity. Since the APD charge storage 
devices will be operated as pixels, it may be possible that 
lower grade material can be used than is necessary for CCD’s. 
Simulations are performed with various generation lifetimes 
ranging from 10 ms to 10 ^s [21]. Figs. 5 and 6 show 
the results of these simulations for the two devices under 
dark conditions where thermal generation is the sole source 


of additional carriers. As expected, the RAPD has a much 
higher rate of recovery due to the larger initial volume of the 
depletion region. As seen in Fig. 5, once the intrinsic region 
in the RAPD has been filled, the two devices recover at the 
same rate as exemplified in the 10-/xs lifetime simulation. An 
interesting result of this study is that even the lowest photo- 
illumination rate, which is well below the clear night sky 
spectrum, produces a comparable amount of charge to that 
of the worst lifetime simulation which is a full three orders 
of magnitude lower than what is technologically achievable. 
This is a very promising result indicating that low-cost silicon 
technology may be applicable for room-temperature low light 
level sensing in this spectral range. Other narrow-gap material 
systems which would benefit from greater spectral response 
would most likely require expensive cooling to reduce the 
dark current, thus prohibiting its use in low cost applications. 

A limiting factor in the application of APD arrays for low 
light level imaging is their lack of gain uniformity both within 
individual pixels or between various pixels in the array. Planar 
APD arrays suffer from pixel gain nonuniformity introduced 
either from processing variations within the devices, the edge 
breakdown suppression mechanism, or the dead regions arising 
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Fig. 7. Total stored charge in p-n junction device versus integration period. 
The four curves correspond to the calculated response for different initial reset 
biases. The initial gain at the reset bias is given. The illumination power used 
for these simulations is five times the night sky spectrum. 

from device isolation. However, techniques which rely upon 
etching and grooves to isolate the devices have been demon- 
strated to possess good uniformity [22]. Also, the combined 
effects of saturation in high gain regions and the integration 
of flux over a relatively long time frame will tend to reduce 
the magnitude of the nonuniformity within a pixel. 

Clearly, processing variations will limit the amount of uni- 
formity between adjacent devices in an array, and subsequently 
will introduce a spread in the breakdown voltages between 
them. To examine the effects of nonuniformity between de- 
vices, this study also looks at the diode performance as a 
function of the initial bias. Fig. 7 illustrates the results of simu- 
lating the p-n diode under illumination for different initial bias 
and, hence, gain. As seen in the figure, during the beginning 
of the integration period, the devices behave linearly with the 
difference in stored charge being proportional to the difference 
in gain. As before, the stored charge begins to saturate as 
time increases. The time to the onset of saturation is inversely 
proportional to the square of the initial gain which is again 
consistent with the classical theory of biased APD's [19]. From 
the figure, it is observed that for moderate to high light levels, 
the importance of processing nonuniformities contributing to 
variations in the initial gain are reduced because of the self- 
quenching mechanisms inherent in the devices. 

IV. Conclusions 

The design of an APD array for use as an image sensor in 
the charge storage mode depends critically upon the structure 
of the basic diode prototype. In this study, two distinct silicon 
APD device designs are examined and an analysis of the 
operation of these devices in the charge storage mode is pre- 
sented. In order to accurately model such diodes and to account 
for nonlinearities in their operation, an extensive numerical 
analysis is necessary. To properly model the recovery response 
using a numerical simulator, a new boundary condition is 
introduced. This new condition allows the external current of 
the device to be the specified, independent quantity, rather 


than the bias. With this, the voltage recovery of the floating 
contact of the diode may be directly observed without relying 
upon an arbitrary external circuit. Using the presented model 
with the new boundary condition, reach through and a p- 
n junction APD’s are examined specifically to observe the 
diode recovery, the total stored charge, the influence of the 
recombination lifetimes, and the effect of initial device gain 
upon the transient response. 

The two device designs recover in the same manner with 
a few notable exceptions. The RAPD requires a significantly 
higher reset bias in order to deplete the entire drift region. This 
drift region not only allows the carriers to move rapidly to the 
multiplication region, but the design will be advantageous in 
terms of pixel cross-talk whereas the standard p-n junction 
device may be prone to image blur unless additional isolation 
is employed between pixels. Furthermore, clever design of 
the RAPD device may allow for edge breakdown suppression 
[23]. In terms of charge storage, both devices show evidence 
of gain saturation during recovery due to the degradation of the 
internal bias resulting in a square root dependence of stored 
charge upon the integration time. As a large fraction of the 
bias is recovered, the carrier multiplication is extinguished, 
and both diodes begin to store charge at a linear response 
rate, albeit at unity gain. The maximum storage capacity of 
the devices is again dependent upon the device geometry. 
Since the RAPD requires a greater depletion of charge during 
reset, it has a larger capacity. Also, once the diodes have fully 
recovered, any additional accumulated charge acts to forward 
bias the devices. The overall capacity limit is set by the 
recombination processes and the distribution of charge within 
the forward biased devices. The RAPD will clearly go into a 
high level injection state far after the p-n junction device since 
the excess charge can easily be redistributed within the large, 
low-doped region. Thus, the RAPD device has a substantially 
larger total capacity. The dark response of the two devices 
is examined for recombination lifetimes between 10 ms and 
10 /is. The recoveries of the two devices here are considerably 
different due to the vast difference between the volume of their 
depleted regions. For the RAPD, once the intrinsic drift region 
fills with charge, it is observed that the recovery continues at 
the same rate as the p-n junction device as expected. 

Finally, the effects of initial gain are observed to impact the 
transient response of the device. Probably the largest limitation 
in the construction of APD arrays for low light level imaging 
arises from the lack of uniformity between pixels. Based on 
this, large scale arrays would be difficult to achieve. However, 
it is observed in this study that the sub-linear collection of the 
charge for large initial gains acts to cancel any discrepancy in 
accumulation caused by the dissimilarity of devices. Therefore, 
the effects of charge saturation when the devices are used 
in a flux integration mode, rather than using direct readout, 
will help reduce some of the problems associated with device 
nonuniformity in an APD array. 


References 

[I] T. Ando, M. Yasuda, and K. Sawada, “Noise suppression effect in an 
avalanche multiplication photodiode operating in a charge accumulation 



400 


IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 45. NO. 2, FEBRUARY 1998 


mode,” IEEE Trans. Electron Devices, vol. 42, pp. 1769-1774, Oct. 
1995. 

[2] H. Komobuchi and T. Ando, “A novel high-gain image sensor cell based 
on Si p-n APD in charge storage mode operation,” fEEE Trans. Electron 
Devices , vol. 37, pp. 1861-1868, Aug. 1990. 

[3] H. Komobuchi, M. Morimoto, and T. Ando, “Operation and properties 
of a p-n avalanche photodiode in a charge integrating mode,” IEEE 
Electron Device Lett., vol. 10, pp. 189-191, May 1989. 

[4] E. Fossum, “Active pixel sensors: Are CCD’s dinosaurs?,” SPIE , vol. 
1900, pp. 2-14, 1993. 

[5] T. P. Lester and D. L. Pulfrey, “A new MOS photon-counting sensor op- 
erating in the above-breakdown regime,” IEEE Trans . Electron Devices , 
vol. ED-31, pp. 1420-1427, Oct. 1984. 

[6] G. Weckler, “Operation of p-n junction photodetectors in a photon flux 
integrating mode,” IEEE J. Solid-State Circuits, vol. SC-2, pp. 65-73, 
Sept. 1967. 

[7] A. W. Smith, “Light confinement and hydrodynamic modeling of semi- 
conductor structures using volumetric techniques,” Ph.D dissertation, 
Georgia Institute of Technology, Atlanta, 1992. 

[8] J. W. Parks, A. W. Smith, K. F. Brennan, and L. E. Tarof, “Theoretical 
study of device sensitivity and gain saturation of separate absorption, 
grading, charge, and multiplication InP/InGaAs avalanche photodiodes,” 
IEEE Trans. Electron Devices , vol. 43, pp. 2113-2121, Dec. 1996. 

[9} S. Selberherr, Analysis and Simulation of Semiconductor Devices . New 
York: Springer- Verlag, 1984. 

[10] S. V. Pantankar, Numerical Heat Transfer and Fluid Flow. New York: 
Hemisphere Publishing Corp., 1980. 

[11] T. V Oppe, W. D. Joubert, and D. T Kincard, “An overview of NSPCG: 
A nonsymmetric preconditioned conjugate gradient package,” Computer 
Physics Comm., vol. 53, pp. 283-292, 1989. 

[12] W. Kausel, J. O. Nylander, G. Nanz, S. Selberherr, and H. Poetzl, 
“BAMBI- A transient 2D-MESFET model with general boundary condi- 
tions including Schottky and current controlled contacts,” Microelectron. 
J., vol. 21, no. 5, pp. 5-21, 1990. 

[13] N. Iwamuro and S. Tagami, “Stable calculation for power device sim- 
ulation with inductive load circuit: Application of an integral method,” 
Microelectron. J., vol. 24, pp. 139-145, 1993. 


[14] P. A. Basore and D. T. Rover, PC- ID Installation Manual and User's 
Guide, Iowa State Univ. Res. Foundation, Ames, 1985. 

[15] P. A. Gough, M. l£. Johnson, S. A. Higgins, J. A. G. Slatter, and K. 
R. Whight, ‘Two-dimensional simulations of power devices with circuit 
boundary conditions,” NASECODE V, 1987, pp. 213-8, 1987. 

[16] R. W. Engstrom and R. L. Rodgers, “Camera tubes for night vision,” 
Opt. Spectra , vol. 26-30, pp. 438^42, Feb. 1971. 

[17] H. Melchoir, “Demodulation and photodetection techniques,” in Laser 
Handbook, F. T. Arecchi and E. O. Schultz- Dubois, Eds. Amsterdam, 
The Netherlands: North Holland, vol. 1, pp. 732, 1972. 

[18] R. J. McIntyre, “Recent developments in silicon avalanche photodiodes,” 
Measurement, vol. 3, no. 4, pp. 146-152, 1985. 

[19] P. P. Webb, R. J. McIntyre, and J. Conradi, “Properties of avalanche 
photodiodes,” RCA Rev., vol. 35, pp. 234-278, 1974. 

[20] S. Mendis, S. E. Kemeny, and E. R. Fossum, “CMOS active pixel image 
sensor,” IEEE Trans. Electron Devices, vol. 41, pp. 452^*53, Mar. 1994. 

[21] P. T. Landsberg, ‘Trap-auger recombination in silicon of low carrier 
densities,” Appl. Phys. Lett., vol. 50, no. 12, pp. 745-747, Mar. 1987. 

[22] M. R. Squillante, J. S. Gordon, R. Farrell, S. Vasile, K. Delay, C. 
Oakes, and K. Vanderpuye, “Recent advances in avalanche photodiode 
technology,” SPIE— X-Ray Detector Physics and Applications II, vol. 
2009, pp. 64-71, 1993. 

[23] P. P. Webb and R. J. McIntyre, “Multi-element reachthrough 
avalanche photodiodes,” IEEE Trans. Electron Devices , vol. ED-31, 
pp. 1206-1212, Sept. 1984. 


Joseph W. Parks, Jr., photograph and biography not available at the time 
of publication. 


Kevin F. Brennan, photograph and biography not available at the time of 
publication. 



420 


IEEE TRANSACTIONS ON COMPUTER-, 


AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS. VOL. 16. NO. 4. APRIL 1997 


A Smoothed Boundary Condition for 
Reducing Nonphysical Field Effects 
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Abstract — In this paper, we examine the problem associated with 
abruptly mixing boundary conditions in the context of a tw o-dimensional 
semiconductor device simulator. Explicitly, this paper addresses the 
transition between an ohmic-type Dirichlet condition and a passivated 
Neumann boundary. In the traditional setting, the details of the transition 
between the two boundary types are not addressed and an abrupt 
transition Is assumed. Subsequently, the calculated observables (most 
notably the potential) exhibit discontinuous derivatives near the surface 
at the point where the boundary type switches. This paper proposes 
an alternative condition which models the progression between the two 
boundary types through the use of a finite length, smoothed boundary 
whereby the numerical discontinuities are eliminated. The physical and 
mathematical basis for this smoothed boundary condition is discussed 
and examples of the technique’s implementation given. It is found that 
the proposed boundary condition is numerically efficient and can be 
implemented in pre-existing device simulators with relative ease. 

Index Terms — Boundary conditions, macroscopic device simulation. 

In the two-dimensional (2-D) simulation of semiconductor de- 
vices such as metal-semiconductor-metal (MSM) photodetectors 
[l]-[3], MOSFET’s, etc., there is often a switching of boundary 
conditions along the lateral surface of the device between a metal 
contact and a passivated region. Due to the nature of how these 
boundaries are modeled, the mathematics forces a change from 
a Dirichlet- to a Neumann-type boundary condition somewhere 
along the edge of the device. Application of a mixed Dirichlet 
and Neumann boundary condition could, in principle, rectify this 
problem. However, an unambiguous specification of this transition 
throughout the contact surface introduces an additional constraint. 
To our knowledge, specification of this additional constraint cannot 
be simply derived or formulated with much accuracy. Typically, the 
change in boundary condition is treated as an ideal, abrupt transition 
for lack of a better description and further knowledge of the nature 
of the interface. The calculated observables, therefore, can exhibit 
discontinuous derivatives laterally along the boundary. This poses 
a multifaceted problem based on both physical and mathematical 
grounds. For instance, as the applied bias on the conduction contact 
is increased, the discontinuity in the boundary condition leads to 
the prediction of very high, nonphysically based electric field spikes 
near the interface discontinuity. The erroneously calculated electric 
field magnitude can then dramatically affect such parameters as the 
impact ionization and tunneling rates and the mobility resulting in 
the possibly incorrect estimation of carrier transport and breakdown 
effects. Continued mesh refinement only exacerbates the problem 
by making the finite difference approximations to the derivatives 
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Fig. 1 . Illustration of sample device using the new- smooth boundary con- 
dition under consideration. The smoothed contact regime is along the top 
surface of the device between .n and r 2 . The inset schematically shows 
what is considered as an abrupt boundary transition. 


more singular. Additionally, output current characteristics are often 
desired at the metal contact. The presence of these discontinuous 
derivatives makes the calculation of the current at the edge of the 
metal difficult [4], [5]. From a mathematical point of view, the 
Laplacian operator in Poisson’s equation requires that the potential 
be at least C 1 continuous within the simulation domain and along 
the domain boundary. Using the abrupt interface between boundary 
conditions does not preserve the required continuity, and thus fails 
to guarantee the correct solution of the equation. This is exemplified 
numerically through unbounded or oscillating solutions whereby the 
system never reaches a converged result. One very simplistic means 
of reducing the unwanted discontinuities is to use a coarse mesh in 
the vicinity of the boundary change. Doing that, however, can remove 
the possibility of accurately capturing the true physics of the device 
such as current crowding effects. 

Alternatively, a physically accurate treatment of the contact metal- 
lization is impractical. A pictorial example of the difference between 
an abrupt and a more physically realizable metallization pattern is 
given in Fig. 1. An accurate incorporation of the “tailing" of the 
metal is difficult to implement. First, the conductivity of the metal as 
a function of the distance from the edge of the contact and applied 
bias is generally not known. Moreover, and more importantly, the 
approximation of an equipotential surface breaks down as the metal 
is thinned. As the work function of the metal is used to pin the Fermi 
level of the underlying material, any deviations from an equipotential 
surface in the metal leads to a violation of the assumptions used in 
the derivation of an ideal ohmic contact. Simulators which specify a 
finite resistivity for the metal, but then fix the potential and carrier 
concentration to values based on an ideal ohmic contact [6], only 
address current flow to an external circuit, not the problem of an 
abrupt change in the boundary condition. It is this last concern that 
we wish to address. 

In the modeling of devices, it is important to construct an approach 
which accurately determines the magnitude of the electric field along 
the lateral direction in the near vicinity of a metal-semiconductor 
or metal-insulator interface. This technique should remove any 
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numerical artifacts produced through the discretization of the model 
equations without severely changing the overall characteristics of the 
device. In order to improve the predictive capability of numerical 
device simulators for structures which contain an abrupt boundary 
condition, we propose a new technique for smoothing the boundary 
condition based on both physical and mathematical arguments. Rather 
than having an abrupt switch in boundary condition, a short transition, 
or “smoothed," boundary is employed. The only premise behind this 
contact type lies in ensuring the conservation of the required continu- 
ity along the periphery of the simulation domain. The parameters used 
for the calculated observables on either side of the smoothed contact 
are given by the traditional boundary types. The smoothed contact 
requires the continuity of the potential and its first derivative along 
the lateral direction at either edge of the boundary to be maintained. 
With respect to Fig. 1, the following four conditions are mandated: 

*(. r 2 ) =*2 = * 2 - ( 1 ) 


The simplest functional dependence which forces this condition is 
a cubic polynomial. Substituting the requirements of (1) into the cubic 
yields an expression for the smoothed potential along the surface of 
the device 
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where LC = .r *2 - .n is the length of the smoothed boundary. 
The values of vPi and $2 are obtained from the solution of the 
previous iteration, while 'P' ] and $2 are first order finite difference 
approximations to the derivatives using the first two nodes outside 
the smooth regime. For the case presently under examination, the 
conditions on the metal side of the contact reduce to the applied 
bias and zero for $ and V . respectively. This new boundary type is 
treated as a Dirichlet contact and is implemented similarly to a metal 
contact. The overall system of equations is solved self-consistently 
over the entire simulation domain using this smoothed boundary, 
thereby assuring that the values for the potential are accurately 
calculated. 

The simplicity of this technique lies in the fact that the only 
requirement on the boundary is the maintenance of the continuity 
of the potential. The aforementioned spikes arise from the inaccurate 
description of the boundary transition which is physically continuous 
yet often treated in a discontinuous manner. An increase in the 
magnitude of the electric field at the boundary interface is expected 
on physical grounds, but the standard treatment of the interface 
introduces an additional, purely numerical, spike at the discontinuity. 
The introduction of the smoothed boundary immediately introduces 
the required continuity, thus eliminating the numerically generated 
spike. This is guaranteed regardless of the length of the smoothed 
contact, provided that the domain discretization is sufficiently dense 
to accurately capture the nature of the transition. Additionally, this 
technique, unlike the abrupt case, is stable in the sense that continued 
mesh refinement about the transition will not greatly alter the results 
of the simulation. 

Before simulations can be made utilizing this new boundary 
type, the additional degree of freedom embodied in the adjustable 
parameter LC needs to be specified. The size of the smoothed contact 
influences the distribution of the potential in the vicinity of the 
interface, and hence will affect the magnitude of the electric field in 
that region. A device with a very short transition length will develop a 
rather large, physically accurate, field near the interface. Conversely, 


a device with a large transition length will have a lower overall 
field magnitude. The proposed smoothed boundary model predicts 
this trend in the field behavior, whereas the standard practice of 
using a discontinuous boundary does not. Under ideal conditions, 
an empirically based estimate for the “tail" length would be directly 
used as the smoothed boundary length in the calculation, requiring 
direct experimental measurement of LC. This would yield the best 
results for the most detailed analysis. However, recognizing that an 
exact value of this parameter is often unavailable, we have considered 
using a value of LC which is some fraction of the metal thickness 
of the ohmic contact. In this case, the actual numerical value is 
somewhat arbitrary, but it is seen that a modest range of values for 
LC exists such that the erroneous spikes are removed without greatly 
undermining the true field present within the device. 

Fig. 1 shows a test device used to compare the effects of a 
smoothed boundary condition to that of an abrupt change in boundary 
type. The physical dimensions of the device are given in the figure, 
and the thickness of the ohmic metal contact is assumed to be 
4500 A. Fig. 2 displays the calculated potential along the lateral 
direction at the top of the device for the abrupt condition and for 
several values of LC as a percentage of the metal thickness. From 
the figure it is clearly seen that employing the smoothed boundary 
condition has not appreciably altered the overall potential profile of 
the device. However, near the interface where the smoothed boundary 
condition has been used, a difference is observed. The inset of Fig. 2 
illustrates the potential in the immediate neighborhood of the abrupt 
discontinuity. For the case of the abrupt boundary transition, the 
slope of the potential is discontinuous while the smoothed boundary 
condition obeys the requirements which were imposed by the cubic 
polynomial given by (1) and (2). 

Figs. 3 and 4 show the calculated magnitude and vector direction 
of the electric field at a bias of 12 V for both the abrupt transition and 
a case where a 10% smoothed boundary is used. Only a very small 
portion of the device is shown to emphasize the boundary transition. 
Looking at the overall device, it is observed that the field spike is 
confined to a very small region near the surface, and that the field even 
one tenth of a micron away from the contact is essentially unchanged. 
For the MIS structure under consideration, the field discontinuity is on 
the oxide surface and, subsequently, both the abrupt and the smoothed 
cases give roughly the same field inside the semiconductor. The large 
spike in the abrupt case clearly originates from the discontinuity. In 
the smoothed case, the spike has been removed yielding a more phys- 
ically realistic electric field at the interface. The vector plots illustrate 
that the direction of the field changes in a consistent and continuous 
manner using the smoothed boundary condition. When the abrupt 
boundary condition is employed, the field direction undergoes a very 
sudden and dramatic shift in direction near the metal contact as can be 
seen from Fig. 3. In terms of convergence, the smoothed boundary, 
as a direct result of removing the numerical discontinuity, enables 
device simulation up to much higher biases. For example, the device 
with an abrupt boundary condition given in Fig. 3 did not yield a 
converged solution for biases greater than 12 V, while the device with 
the smoothed boundary condition was simulated to biases exceeding 
60 V. The ability to simulate high voltage conditions is often very 
important as, for example, in the case of avalanche photodiodes. 

By performing several simulations, it is further observed that 
additional mesh refinement directly, and undesirably, impacts the 
magnitude of the field for the abrupt case while the smoothed 
condition is insensitive to additional refinement. To illustrate the 
stability of this simulation with the new boundary condition, the 
maximum electric field as a function of grid refinement is plotted 
in Fig. 5 at a constant value of LC. As can be seen from inspection 
of Fig. 5, when the new boundary condition is employed, the 
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Fig. 3. Magnitude and vector plot of the electric field for the abrupt transition near the top surface of the device. 


maximum electric field remains essentially unchanged with grid 
refinement. Alternatively, if the standard approach is employed, 
the maximum electric field greatly increases with increasing grid 
refinement. As discussed above, the difference in the maximum 
electric field between the two methods is due to the mathematical 
error introduced id the abrupt formulation. In the limit of a very 
coarse mesh, both techniques converge to the same maximum 
electric field. Therefore, the application of the new boundary 
condition results in an unambiguous specification of the magnitude 
of the electric field independent of the degree of mesh refinement. 


As previously mentioned, the distance over which the boundary is 
smoothed, LC . is expected to alter the final results of the simulation. 
This is shown graphically in Fig. 6 for the device under consideration. 
Here, the maximum electric field is plotted against the length of 
the smoothed boundary at a bias of 4 V. For the range of LC 
considered here, the electric field varies by about a factor of three 
with an observed saturation for large values. This range is due 
to the difference between the physically realistic potential profiles 
and is not a consequence of numerical error as seen in the abrupt 
case. Even if the length of the smoothed boundary is completely 
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Fig. 5. Illustration of the maximum electric field versus the uniform distance 
between nodes for the abrupt and smoothed boundary- conditions. For the 
smoothed case, LC is constant at 1% of the metal thickness. Applied bias 
is 12 V for all cases. 

unknown, the maximum uncertainty in the estimation of the field is 
still considerably smaller than that associated with using the abrupt 
boundary condition. The smoothed boundary, therefore, is again seen 
to be an improvement over the standard discontinuous model. 

We have presented a new approach for modeling a change 
in the boundary condition along the lateral direction of a 
metal-semiconductor or metal-insulator interface. The technique 
introduces a small interface region between the two incompatible 
boundary types which is designed to ensure the necessary continuity 
of the potential and its first derivative along the lateral direction at 
both ends of the smoothed boundary. Using this new technique, it is 
observed that the electric field at the interface becomes insensitive 
to the degree of mesh refinement, as opposed to the case of an 
abrupt transition where the magnitude varies strongly with the mesh. 
Therefore, the new method leads to an unambiguous specification 
of the magnitude of the electric field, resulting in a more accurate 
and physically realistic description of the device performance. Just 
as the values of the device geometry and doping profiles must be 
known prior to conducting a simulation of a device, the additional 
parameter LC must be specified. As is often the case with other 


Fig. 6. Maximum electric field calculated for different values of LC at an 
applied bias of 4 V. 

geometrical features of a device, the exact value of LC may not 
be known to within any great accuracy as it corresponds to the 
length of the metal “tail" of the conducting contact. It is observed, 
however, for the values of LC considered in this paper that the 
“smoothed" boundary does not substantially affect the magnitude of 
the electric field within the semiconductor. 
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Theoretical Calculations of Charge 
Confinement in a pn“np Heterojunction 
Acoustic Charge Transport Device 
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Abstract — An alternative structure for heterojunction acoustic 
charge transport (HACT) devices has been devised and analyzed. 
The structure uses a pn'np doping profile near the surface 
of the device to create a charge transport layer and provide 
top vertical confinement. This is contrary to previous n-type 
HACT structures which rely on residual surface states and a 
heterojunction discontinuity for the same functions. The use of 
the pn~np doping as the channel depletion mechanism makes 
the device insensitive to the residual surface state density, thus 
providing a more robust design. In addition, the use of the 
back np junction enables widening of the transport layer thereby 
increasing the amount of charge that can be transported by the 
acoustic wave. As a result of the increased charge capacity it 
is expected that the pn“np ACT device will exhibit a greater 
dynamic range and current than previous HACT designs. 

The analysis of the device structure is accomplished herein using 
a two dimensional hydrodynamic simulation code, Semiconductor 
Total Energy Balance Simulator in two Dimensions (STEBS-2D), 
which has been modified to account for the potential created 
by the surface acoustic wave. The calculated results indicate 
that an order of magnitude enhancement in charge capacity is 
possible using the new structure. Transfer efficiency calculations 
for several different lifetimes in the transport layer show high 
efficiency values, greater than 7 9's efficient with a Shockley Read 
Hall lifetime of 10 nsec. 


Nomenclature 


Relative permittivity of semiconductor. 

£o Permittivity of free space, 

q Electronic charge. 

%l> Electrostatic potential, 

p Hole concentration, 

n Electron concentration. 

Nf Ionized donar concentration. 

a 

Nj Ionized acceptor concentration. 

r SA \v Effective doping due to surface acoustic wave. 

t Time. 

J'n.p Velocity of electrons and holes. 

R,G Recombination and Generation. 
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// njf Electron and hole mobility, 

kfc Boltzmann constant. 

T e ^ Electron or hole temperatures. 

e c Conduction band edge (includes bandgap 

narrowing). 

e v Valance band edge (includes bandgap narrowing). 

X Electron affinity. 

Eg Semiconductor band gap. 

m* h Electron and hole effective mass. 

A c Ratio of Fermi integrals / 2 (Vc)} - 

7] c Reduced energy of the conduction band. 

A v Ratio of Fermi integrals {J r \/ 2 {lvV^ r ~i/ 2 (Vx )l* 

T) v Reduced energy of the valance band. 


I. Introduction 

H eterojunction acoustic charge transport (hact) 
devices are promising candidates for analog signal pro- 
cessors and rf memories. The HACT device structure is just 
one of the two major forms of acoustic charge transport 
(ACT) devices, bulk and surface types. In bulk ACT struc- 
tures charge is confined in the vertical direction (~5 to 6 
/im deep) using a bias potential created between a reverse- 
biased Schottky barrier and an applied back-gating potential. 
In HACT devices vertical confinement (< 1/xm deep) is 
provided by discontinuities in the conduction band edge due 
to material changes. In both HACT and ACT devices lateral 
confinement and charge transport is accomplished using the 
potential created by a surface acoustic wave generated within 
the semiconductor. A schematic diagram of acoustic charge 
transport in a representative HACT structure is shown in Fig. 
1. As can be seen from Fig. 1, the surface acoustic wave 
generated by a transducer on the surface of the semiconductor 
propagates through the structure pushing charge from the input 
contact over some distance for later extraction at an output 
contact. 

The HACT structure offers several important advantages 
over a conventional buried channel ACT. The HACT device 
has less power dissipation, utilizes simpler channel isolation 
techniques, is self-biasing, and enables possible direct inte- 
gration with other planar technologies [1]. These advantages 
are realized due to the shallower depth of confinement for 
the charge packet. Less input power is required because more 
efficient use of the surface acoustic wave (SAW) potential 
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is obtained from the shallower charge confinement. Channel 
isolation can be provided by mesa etching or proton isolation 
which would not be possible at a depth of 5 /im. However, 
these advantages do not come without some penalty. In the 
conventional HACT (n-HACT) structure, shown in Fig. 2, 
the self-biasing of the device relies on residual surface states 
and very critical control of the doping in the layer structure. 
The one dimensional conduction band diagram, without any 
acoustic potential, for three different cases of residual surface 
charge for the n-HACT structure is displayed in Fig. 3, the 
surface charge densities are —1.0 x 10 12 cm“ 2 , —1.5 x 10 12 
cm" 2 , and -5.0 x 10 12 cm -2 . The fermi level is at zero 
volts. Notice that at the lowest residual surface concentrations 
the channel is modulation doped by the dopants in the top 
AlGaAs layer. At moderate values of surface charge [2] the 
channel is depleted as required. This is the first surface state 
density for which we obtained charge confinement. As the 
surface charge increases the channel becomes more depleted. 
The depth of the depletion region is controlled by the density 
of the surface states and the doping concentration in the layers 
below. The design goal is to have the doping concentration in 
the AlGaAs layer slightly larger than the fixed surface charge 
[1]. Once the surface states have been satisfied this will then 
provide a small amount of mobile charge for transport [1]. A 
major problem is that the resulting value of surface charge 
is not known apriori i.e., different processing conditions or 
even different atmospheric conditions could change the final 
residual surface concentration. 

Small variations in the doping concentrations within the 
layers can also upset the delicate charge balancing with the 
surface state density. Any of these deviations from perfect 
balance can cause large variations in the device performance. 
Relying on surface charge to deplete the channel layer also 
introduces a limit on the width of the transport layer, the 
surface charge acts over a small distance unless the material 
is lightly doped. A smaller transport layer thickness limits the 
charge capacity of the acoustic wave packet thereby decreasing 
the dynamic range of the device. Therefore, a need exists for 
a HACT device design which is insensitive to the residual 
surface states and has performance characteristics comparable 
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Fig. 2. Epitaxial layer structure of a conventional n-type heterojunction 
acoustic charge transport device (n-HACT). 



Fig. 3. One dimensional conduction band diagrams of the n-type HACT 
device with three different residual surface state concentrations, no acoustic 
potential. 


to or greater than the current HACT structures which rely 
on the surface states and have limited channel widths. A 
structure which utilizes a pn junction at the surface to isolate 
the channel from surface states was proposed in reference [3], 
However, the structure was never analyzed to determine the 
necessary doping profiles or the device characteristics. The 
structure proposed in this paper is an extension of the pn 
HACT configuration first described in reference [3]. 

The purpose of this paper is to introduce and analyze 
an alternative HACT structure, hereafter called p-HACT, 
which is relatively insensitive to changes in residual surface 
concentration and to fluctuations in the doping concentration 
of the epitaxial layers. The proposed device structure utilizes 
a pn junction at the front surface to provide isolation from the 
surface charge and to create the top vertical confinement. A 
lightly doped n-type channel layer is then separated from the 
substrate by a p-type AlGaAs layer. The p-type AlGaAs serves 
two purposes: First, the band edge discontinuity provides 
the bottom part of the vertical confinement. Second, the p- 
type doping serves to complete the depletion of the transport 
layer. By using dopants to deplete the transport layer, channel 
thicknesses an order of magnitude larger than those obtained 
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Fig. 4. Epitaxial layer structure of the alternative p-type heterojunction 
acoustic charge transport device (p-HACT). 

in current HACT devices can be achieved, sensitivity to the 
surface states is reduced, and processing variations can be 
avoided. 

The remainder of the paper will discuss the two dimen- 
sional device simulation code, Semiconductor Total Energy 
Balance Simulator in two Dimensions (STEBS-2D), used for 
modeling the performance of the HACT structures. The charge 
packet size and shape for the two different HACT designs at 
one specific acoustic power level will then be compared for 
three different residual surface charge concentrations. Finally, 
transient simulations using several values of carrier lifetime in 
the channel layer provide a measure of the maximum charge 
transfer efficiency of the proposed structure. 

II. Device Design 

The layer structure and doping concentrations in the new 
p-type HACT, hereafter referred to as p-HACT, is shown in 
Fig. 4. The design consists of a top layer of p-type GaAs 
doped to 2.15 x 10 17 cm -3 with a thickness of 50 nm, 50 
nm n-type GaAs doped to 1.85 x 10 17 cm -3 follows the cap 
layer. The channel layer is 300 nm of n-type GaAs doped to 
1.0 x 10 15 cm" 3 . The bottom vertical confinement layer is 
100 nm of p-type Alo. 3 Gao. 7 As with a doping concentration 
of l.OxlO 16 cm” 3 . The substrate is n-type GaAs doped at 5.0 
x 10 15 cm" 3 . Alternatively a 2 / 2 m GaAs buffer layer of the 
same doping concentration on a semi-insulating substrate can 
be used. The one dimensional conduction band diagram of 
the p-HACT, without the superimposed acoustic potential, for 
three different residual surface state concentrations is shown in 
Fig. 5, the surface state densities are — 5.0 x 10 11 cm" 2 , — 1.0 
x 10 12 cm -2 , and - 5.0 x 10 12 cm " 2 which differ from those 
used in the n-HACT simulation. Comparing Figs. 3 and 5 it is 
immediately apparent that the p-HACT structure is much less 
sensitive to fluctuations in the top surface charge; the band 
diagram does not change as the surface charge varies. Also 
note that the width of the transport layer has been increased 
by almost an order of magnitude, from 40 nm to 300 nm. 

The maximum doping concentration in the two HACT 
structures is approximately the same for several reasons. First, 
it was found that when the doping concentrations in the first 
two layers was reduced the p-HACT became more sensitive 
to the surface state density. Similar behavior occurs for the 
n-HACT structure. Since the design goal is to produce a 
device insensitive to the surface state concentration, the doping 
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Fig. 5. One dimensional conduction band diagrams of the p-HACT device 
with three different residual surface state concentrations, no acoustic potential. 



Distance from Surface (microns) 

Fig. 6. Magnitude of the acoustic potential in the n-HACT and p-HACT 
structures, the transport channels are located between the origin and the 
vertical line. Two different boundary conditions are displayed; a free surface 
boundary condition and a shorted (metallized) boundary condition. 

concentrations in the top layers must remain fairly high. 
However, the doping concentration in these layers can not be 
increased to arbitrarily high values in either structure owing to 
the fact that the top surface of the HACT structure can not be 
highly conductive [1]. A highly conductive surface, such as a 
metal or highly doped semiconductor, will short out the surface 
acoustic wave propagating in the underlying semiconductor. 
This will be discussed at length in the next section. In the 
case of the n-HACT structure the doping concentration in the 
AlGaAs cap layer can not be raised too high because the layer 
will begin modulation doping the transport layer, similar to a 
HEMT. As the number of carriers increases in the channel due 
to the modulation doping the acoustic wave will be damped 
out, the perturbation due to the displacement charge from the 
surface acoustic wave will become too small compared to 
the background carrier concentration. In the p-HACT device, 


ii 
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PVp = Hh 


-k b T h A v Vp - pV(e„ -x- E g ) + ^ pk b T h A v . 

2 TTli 


(5) 


high doping creates a very strongly depleted channel but the 
perturbation due to the acoustic wave is not great enough to 
cause significant lateral confinement. For this case the heavy 
doping strongly pins the energy bands in the channel region. 

III. Model Description 

The ability to model the HACT structure depends upon 
the assumption that the acoustic properties of the material 
can be treated as a perturbation to the electrical properties 
under specific conditions. The SAW potential is converted 
to an effective doping concentration and superimposed on 
the background concentration of the structure. This is more 
realistic than superimposing the SAW potential directly on the 
device potential because at the surface and deep within the 
substrate the SAW contributes little to the overall potential. 



Fig. 7. Maximum value of the displacement charge created by the acoustic 
wave as a function of depth into the p-HACT structure. The discontinuities 
are caused by abrupt changes in material permittivity. 


A. Electrical Model 

The fundamental basis of our model is a two dimensional 
hydrodynamic device simulation code, STEBS-2D [4]. For 
the simulations presented here, the lattice temperature effects 
and electronic heat transfer have been neglected. The resulting 
partial differential equations describing the system and solved 
within the context of the hydrodynamic simulator are 

V(6-’ Vtf) = f (p - n + jV+ - N- + Tsaxv ) ( 1 ) 

So 

fdn\ 

-h V • (ni/n) = -R + G (2) 

(d<) +V# ( p!7 p) = ~ R + G (3) 


and recombination centers were assumed to be negligible at 
the material discontinuities. Equations (l)-(5), along with the 
appropriate boundary conditions for the device domain, are 
solved for the three fundamental variables n, and p. 

In the simulations presented here four different boundary 
conditions are needed. The first is a grounded ohmic contact 
[8] at the back surface of the device. The second type of 
boundary condition is the symmetry boundary condition [8]. 
This is applied on both lateral sides of the simulation domain. 
This choice of boundary conditions will be explained further 
in the next section on modeling the acoustic wave. On the top 
surface two different types of boundary conditions are used. In 
the one dimensional simulations without the surface acoustic 
wave, Figs. 3 and 5, a free surface boundary condition is 
employed for the electrostatic potential. Its mathematical form 
is 




k b T e A c Vn + nV(e c - X ) + \nk b T e A c ^ 

2 m, 


e j 

(4) 


(see (5) shown at the top of the page.) 

Equation (1) is Poisson’s equation for the potential and in- 
cludes the effective doping from the surface acoustic wave, 
T™, as will be described. Equations (2) and (3) are the 
electron and hole current continuity equations. The electron 
and hole flux equations are given in (4) and (5). On the right 
hand side of (2) and (3), the generation/recombination terms (R 
and G) account for band to band. Auger, and Shockley-Read- 
Hall (SRH) recombination. The partial differential equations 
are discretized using the control volume method as described 
in [4], [5]. All material parameters i.e. bandgap, mobility, den- 
sity of states, recombination parameters are determined using 
the formulas stated in PC- ID [6]. In addition, a thermionic- 
field emission boundary condition [7] for the currents is 
implemented at each material discontinuity. Interface states 


d xj) 

f-semi T7TT" 
OXi 


Qint 


( 6 ) 


The parameter c sem i is the semiconductor permittivity and 
Qint is the surface charge density and varies in the range —5 x 
10 11 to —5 x 10 12 cm“ 2 . This range of surface charge density 
corresponds to approximately 1% of the dangling bonds being 
charged. Even though the SAW is expected to alter the surface 
state occupancy (Qt n t)» this has been neglected in the model 
due to the lack of information concerning the charged state 
profile. The boundary conditions for the carrier concentrations 
depend upon satisfying the continuity equations at the surface 
with respect to the surface recombination rate as. 


J n - qR SUT f - ?s„(r.+n/)+S p (p| Pl ) ' S ( X ) 

J P = q R.,r S = • g(») 


( 7 ) 
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Fig. 8. Two dimensional conduction band diagrams for the (a) n-HACT 
structure, and (b) p-HACT structure with an applied surface acoustic wave. 
Only the epitaxial layer are displayed in each case. 

In the one dimensional simulations the value of the surface 
recombination rates (R JU r/) used in (7) has been set to 
zero. Setting R sur / to zero is justified because the surface 
is not driven out of equilibrium. Therefore np = n? and no 
matter what the actual surface recombination velocities are 
the surface recombination rate evaluates to zero [8]. These 
one dimensional simulations then provided the value of the 
fermi level with respect to the intrinsic level which was used 
in the two dimensional simulations. 

In the two dimensional simulations with the SAW the free 
surface boundary conditions given by (6) and (7) in the 
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one dimensional case could be used with the modification 
that an extra term accounting for the acoustic displacement 
charge is added to (6). This is only done in the case of 
the n-HACT structure at the lowest residual surface state 
concentration. At the other surface state concentrations in the 
n-HACT structure and at all surface state concentrations in 
the p-HACT structure the free surface boundary condition 
is replaced by a pinned fermi level boundary condition. The 
value of the fermi level is fixed to the value calculated from 
the one dimensional simulation with the fixed surface charge. 
The use of either the free surface with charge boundary 
condition or the pinned fermi level boundary condition in 
these cases results in the same potential profile. The similar 
potential profile occurs because the SAW displacement charge 
is a very minor perturbation compared to the fixed surface 
states, only changing the fermi level by ~ 1.0 x 10 -5 volts. 
Even in the n-HACT structure at the lowest surface state 
concentration and a modified free surface condition of (6) 
with the acoustic displacement, the potential profile within the 
channel is unchanged from that obtained with a fixed fermi 
level at the surface. However, the pinned fermi level boundary 
condition tends to speed the convergence of the solution. 

The simulation domain is nonuniformly discretized using 
rectangular control volumes. The node placement is performed 
adaptively during the equilibrium portion of the simulation. 
The adaptive gridding depends upon the change in potential, 
changes in material types or boundary conditions, and fluc- 
tuations in the doping concentrations. Generally the adaptive 
gridding results in a mesh consisting of approximately 107 
x 41 points. The system of equations is linearized using 
Newton’s method. The resulting system is solved using an 
iterative approach known as the conjugate gradient squared 
and stabilized method [9]. The code for this accelerator was 
added to the NSPCG library for the solution of nonsymmetric 
systems of equations [10]. 

B. Modeling the Surface Acoustic Wave 

As previously stated the acoustic wave potential provides 
lateral confinement and transports the charge. To utilize the 
maximum coupling coefficient between the mechanical and 
electrical components of the SAW power a wave propagating 
in the <1 10> direction on a [100] crystal structure is simulated. 
The SAW potential is calculated for the layer structures 
by the technique described in reference [11]. The resulting 
normalized potential as a function of distance from the surface 
for the p-HACT structure supporting a SAW with a power 
intensity of 1 mWatt/A is depicted in Fig. 6. The magnitude of 
the SAW potential for two different surface conditions, a free 
surface and a metallized surface, are displayed. Notice that the 
SAW potential is completely shorted out at the surface for the 
metallized device while the SAW potential maximum occurs 
at the surface in the free surface structure. Fig. 6 can be used 
to explain why a highly conductive surface can not be used in 
the HACT structure, as mentioned above. The location of both 
the n-HACT and p-HACT channels lie between the origin and 
the vertical line in Fig. 6. The channels are located very close 
to the surface to take advantage of the high magnitude of the 




982 


IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 42. NO. 5. MAY 1995 



(a) 



Propagation Direction (pm) 

(b) 

Fig. 9. Equi-energy contour plots of the n-HACT structure with an applied surface acoustic wave and three different residual surface state concentrations: 
(a) -1.0 x 10 12 cm' 2 , (b) -1.5 x 10 12 cm" 2 . 


SAW potential present in the free surface case. As the front 
surface doping concentration increases, the surface becomes 
conductive and the maximum magnitude of the SAW potential 


decreases in the immediate vicinity of the surface. Therefore, 
in the highly conductive surface device the SAW potential is 
insufficient near the surface to effectively transport charge. 
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(C) 


Fig. 9. (c) —5.0 x 10 12 cm 2 . 


As stated in Section III.B. the acoustic wave is modeled 
as a perturbation to the impurity doping density in Poisson’s 
equation. The magnitude of the displacement charge resulting 
from the acoustic wave is obtained by the Laplacian of 
the wave potential and modulated by a sinusoidally varying 
function [12] 


w (x.y.t) = P s - 
9 


k 2 <j> saw (x) - — cos (ky - u>t) 

( 8 ) 

The factor P* in (8) is a power scaling factor, indicating the 
SAW potential at the surface under free surface conditions, 
while k is the wave number of the acoustic wave. Fig. 7 
depicts the maximum displacement charge, rs>uy(x,y,t), in 
the p-HACT structure for an acoustic wavelength of 10 //m, a 
Pa of 4 [12], and a free surface boundary condition. Contrary 
to the smooth behavior of the displacement charge in the case 
of bulk ACT devices the displacement charge in the HACT 
case shows discontinuities due to the abrupt changes in the 
permittivity of the constituent material. 

In the calculations presented below only one wavelength of 
the SAW will be simulated. The beginning and ending points 
are chosen at the potential minimums, thus creating a potential 
well to confine the electrons in the middle of the simulation 
domain. Provided the injected electrons do not greatly effect 
the shape of the SAW the choice of a symmetry boundary 
condition in the lateral directions can be justified. 


C. Comparison with Previous Models 

Several numerical models have been reported to simulate 
charge injection in bulk ACT devices [12]— [ 15]. One of the 


major aims of this work is to analyze the HACT structures 
so only a limited comparison of our model to previous ACT 
models is appropriate. The earlier bulk ACT models neglect 
the hole contribution to the solution. This implies that no 
carrier recombination takes place, and therefore the charge 
transfer efficiency would always be calculated to be unity. 
Our model enables a more realistic calculation of the charge 
transfer efficiency by including the hole transport equation to 
simulate recombination. Previous ACT models were concerned 
with simulating the injection process between the input ohmic 
contact on the surface and the acoustic transport channel in 
the bulk of the device. In the model presented here the desired 
amount of charge is added at a specific location very close to 
the surface in a very small time step (1 psec). Then two small 
time steps are sequentially performed allowing the charge to 
distribute itself within the SAW’s well. The time steps used 
in the simulation are 0.1 and 0.5 nsec. After 0.6 nsec elapses 
the injected charge is then in steady state with the acoustic 
potential. Next the time steps are increased to calculate the 
charge transfer efficiency. 

Simulation of an n-HACT structure has been reported by 
researchers at United Technologies Research Center (UTRC) 
[2], [16]. As in the case of the bulk ACT models the hole 
equation was removed from the UTRC solution domain. The 
charge injection in the UTRC model is similar to the method 
of injection adopted here. A major difference between the two 
models is the UTRC model uses top and bottom ground planes 
as boundary conditions for the top and bottom of the device. 
It is in these planes that image charge created by the injected 
electrons will reside. Using the model presented here, which 
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Fig. 10. Equi-energy contour plots of the p-HACT structure with an applied surface acoustic wave and three different residual surface state concentrations: 
(a) —5.0 x 10 11 cm -2 , (b) —1.0 x 10 l2 cm -2 . 


does not use ground planes, it will be shown that the image heterojunction. Another major difference is in the calculation 
charge actually resides in the substrate just below the bottom of the displacement charge. The UTRC model used a simple 
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Fig. 11. Electron packet shape for the p-HACT structure with an applied Fig. 12. Electron packet shape for the n-HACT structure with an applied 
surface acoustic wave and 10 c electrons/cm injected into the transport channel. surface acoustic wave, a residual surface state concentration of -1.0 x 

The loss of electrons from 0.6 to 0.8 deep is the image charge created I0 12 cm“ 2 , and an injected carrier concentration of 5 x 10 6 electrons/cm. 

by the injected electrons. 


expression for the displacement charge in the HACT channel, 

r,au.(x,j/.f) = -(^~j^ 2 (^oCOs{ky - U!t)) ( 9 ) 

where the constant <f> 0 was set to 1. In the model presented 
here, which uses (8), the value of the power parameter, P fl , 
would need to be set to an unusually high number as compared 
to that given in [12] to obtain the same potential profile as 
shown in [16]. The UTRC model and the model presented 


in this work both ignore the synchronous field created by the 
constant velocity of the SAW in the propagation direction [1]. 

IV. Application to n-HACT and p-Hact Devices 

The one dimensional simulations. Figs. 3 and 5, depict 
the conduction band without any acoustic potential. These 
figures serve to highlight the effect of the surface state 
density for both the n-HACT and p-HACT structures. In 
this section these structures are simulated in two dimensions 
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(b) 

Fig. 13. Electron packet shape for the n-HACT structure with an applied 
surface acoustic wave, a residual surface state concentration of - 1 .5 x 
10 12 cm~ 2 , and two injected carrier concentrations: (a) 1.0 x 10 7 elec- 
trons/cm and (b) 5.0 x 10' electrons/cm. Notice the spreading in the case 
of 5. x 10' electrons/cm. 

with a superimposed SAW potential and injected charge to 
determine their charge capacity and charge transfer efficiency. 
The acoustic wave simulated has a wavelength of 10 /tm, a 
frequency of 287.75 MHz, which leads to an acoustic velocity 
of 2877.5 m/sec. 

Fig. 8(a) and (b) show energy surface plots of the steady 
state conduction band for the n-HACT and p-HACT structures 
with a surface state density of -1.5 x 10 12 cm' 2 and -1.0 
x 10 12 cm' 2 respectively. The power scaling factor, P a , for 
both structures was 4. These figures are useful for illustrating 
the potential well created by the SAW potential. Hereafter, the 
conduction band will be illustrated by using contour plots of 
the energy surface. Comparison of Fig. 8(a) and (b) shows 
that the well created in the p-HACT structure (Fig. 8(b) is 
approximately an order of magnitude larger than the n-HACT 
structure. In the n-HACT structure the top and bottom vertical 
confinement is provided by the two heterojunction barriers. 
As previously described, the top vertical confinement in the 
p-HACT structure is provided by the pn junction, with no 
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(b) 

Fig. 14. Electron packet shape for the n-HACT structure with an applied 
surface acoustic wave, a residual surface state concentration of -5.0 x 
I0 12 cm~ 2 , and two injected carrier concentrations: (a) 5.0 x I0 7 elec- 
trons/cm and (b) 1.0 x 10 8 electrons/cm. 

abrupt change in the conduction band, and the bottom vertical 
confinement is formed by the heterojunction discontinuity. 

Fig. 9(aMc) show the equi-energy contour levels for the 
n-HACT structure with a P a factor of 4 and surface state 
concentrations of - 1 x 10 12 , -1.5 x 10 12 , and -5.0 x 10 12 
cm -2 . The values of the lateral barrier created by the SAW 
and the value of the pinned fermi level at the front surface are 
given in Table I. Note that there exists only a very little lateral 
potential barrier at a surface concentration of -1.0 x 10' 12 
cm' 2 . The value of the pinned fermi level in Table I for the n- 
HACT structure demonstrates again this structure’s sensitivity 
to the surface state density. At a residual concentration of - 1 .0 
x 10~ 12 cm' 2 the level is 0.0895 eV, both the cap layer and 
channel layer are modulation doped by the AlGaAs. However, 
at residual concentration of -1.5 x 10‘ 12 cm' 2 the level has 
dropped to —0.684 eV and the cap layer is now depleted. 
The steady state conduction band contours for the p-HACT 
structure with surface concentrations of —5 x 10 u , —1.0 x 
10 12 , and -5.0 x 10 12 cm -2 are displayed in Fig. 10(aMc). 
As in the case of the n-HACT structures the P* value was 
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(C) 


Fig. 15. Electron packet shape for the p*HACT structure with an applied 
surface acoustic wave, a residual surface state concentration of — 1.0 x 
10 12 cm~ 2 , and three injected carrier concentrations: (a) 1.0 x 10 7 elec- 
trons/cm, (b) 5.0 x 10 7 electrons/cm, and (c) 1.0 x 10 g electrons/cm. Notice 
the spreading in the case of 1.0 x 10 8 electron s/cm is much less than in the 
n-HACT structure Fig. 14. 
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TABLE I 



set to 4 and values of lateral barrier and pinned fermi level 
are listed in Table I. As seen from Fig. 10 and the values of 
the lateral barrier in Table I the surface concentration does 
not significantly change the shape of the potential well in the 
p-HACT structure. 

To determine the maximum charge capacity of the potential 
well excess electrons are injected into the channel at the 
conduction band minimum. The structures are simulated until 
the electrons reach steady state with the acoustic potential. 
The number of injected electrons is increased until it appears 
that the electrons are not being confined within a single 
wavelength. Fig. 11 is an example of the electron charge packet 
shape when 10 6 electrons/cm are injected into the middle of 
the simulation domain for the p-HACT structure. To determine 
the electron packet shape the electron density simulated at 
steady state was subtracted from the electron density sim- 
ulated 0.6 nanoseconds after the charge was injected. The 
0.6 nanoseconds is required for the electrons which are only 
injected at the middle to attain a steady state condition with 
the acoustic potential. Notice that the electrons are confined to 
the center of the simulation domain, which is the lowest part 
of the conduction band in Fig. 10. The width of the packet 
is approximately 2 fim wide in the propagation direction. As 
will be seen in the figures to be presented the width of the 
packet increases as the amount of injected charge increases. 
Also note in Fig. 11 that an image charge, i.e. removal of 
electrons, has been created in the substrate just below the 
confining heterojunction. This image charge will not be plotted 
in later figures, but the reader should be aware that it exists. 

Fig. 12 shows the electron packet shape for 
5xl0 6 electrons/cm injected into the n-HACT structure 
with the lowest residual surface state concentration. The 
electrons are not confined to the middle of the simulation 
domain, but spread over the channel along the propagation 
direction. This indicates that this structure has exceeded 
its maximum capacity for SAW transport; there is no 
confinement in the propagation direction. Fig. 13 depicts 
the electron packet shape for the n-HACT structure with a 
residual surface state concentration of —1.5 x 10 12 cm“ 2 for 
two injected electron concentrations. Fig. 13 a is for a packet 
of 10 7 electrons/cm. This is the maximum amount predicted 
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Fig. 16. Fraction of packet electrons 
1/isec, 10 nsec, and 0.1 nsec. 


remaining as a function of elapsed time in the p-HACT structure for three different values of SRH lifetime: 


by the UTRC model for this structure. When the injected 
electron concentration is increased to 5 x 10 7 electrons/cm. 
Fig. 13(b), there is spreading of the packet over the entire 
simulation domain, indicating that the maximum capacity 
has been exceeded. Note that unlike the UTRC model the 
lack of confinement is due to the SAW potential not the 
heterojunction barrier. Fig. 14 displays the electron packet 
shape for the n-HACT structure with the highest residual 
surface state concentration. In this case the electron packet 
does not spread until the injected concentration reaches 10 8 
electrons/cm. Comparison of Figs. 13 and 14 shows that 
excess surface charge can lead to a small increase in the 
maximum charge capacity of the wells 
The electron packet shape obtained using the p-HACT 
structure with a residual surface state concentration of — 1.0 x 
10 12 cm -2 and three different injected electron concentrations 
is shown in Fig. 15. For an injected electron concentration 
of 10 electrons/cm. Fig. 15(a), the packet is confined within 
5 n m of the simulation domain. Fig. 15(b) shows the packet 
confinement when 5 x 10 7 electrons/cm are injected, even 
at 10 8 electrons/cm. Fig. 15(c), the packet is still fairly well 
confined to the simulation domain. Due to the similarities in 
the characteristics of the p-HACT structure at other residual 
surface state densities charge packet shapes at other surface 
state concentrations will not be presented. Simulations at 
surface state densities of 1.0 x 10 u and 1.0 x 10 13 cm -2 
also show similar insensitivity. Comparison of Figs. 13 and 
15 shows that due to the larger channel thickness in the p- 
HACT structure the peak electron concentration density is 
approximately half of that obtained in the n-HACT structure 
for the same injected carrier concentration. These figures also 
show that for approximately the same surface concentration 
the p-HACT has a charge capacity which is nearly an order of 
magnitude higher than the n-HACT structure. The maximum 
charge capacity for the p-HACT structure is approximately the 
same as the n-HACT structure with a high residual surface 



Rg. 17. Number of 9's in the charge transfer efficiency as a function of 
the value of the SRH lifetime in the channel region of the p-HACT device 
structure. 


concentration, as can be seen from a comparison of Fies 14 
and 15. ' 

To determine the maximum charge transfer efficiency of 
the p-HACT structure electrons are injected into the channel 
layer in the same manner as for the packet shape calculations. 
The structure is simulated for ~1000 wavelengths, 4 /xsec, at 
different time intervals. The amount of electrons remaining in 
the packet was recorded to determine the transfer efficiency. 
The fraction of electrons remaining in the packet as a function 
of time is shown in Fig. 16 for three different values of 
SRH lifetime in the channel layer. At high SRH lifetimes 
the fraction of remaining electrons is very close to unity, 
indicating excellent charge transfer efficiency. The calculated 
charge transfer efficiency, given by the number of 9’s in 
efficiency, as a function of SRH lifetime is given in Fig. 17. 
For a SRH lifetime of 0.1 nsec the structure has 5 9’s transfer 
efficiency and increases to 8 9’s for 1 M sec lifetime. However, 
this analysis does not include any interface recombination at 
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the heterojunction nor does it account for slow traps in the 
channel layer. Both of these effects will act to lower the charge 
transfer efficiency. 

V. Conclusions 

An alternative HACT structure which uses a pn~np doping 
profile to deplete the transport layer and isolate the channel 
from the residual surface states has been analyzed. The pn~np 
doping also leads to an increase in the channel thickness. 
The p-HACT structure is insensitive to the residual surface 
state density over two orders of magnitude. Charge capacity 
simulations show that the p-HACT structure is capable of 
nearly an order of magnitude improvement in electron capacity 
over the n-HACT structure at nearly the same residual surface 
concentration. Simulations also show that the charge transfer 
is 5 to 8 9’s efficient if the recombination is limited by SRH 
lifetimes in the range of 0.1 nsec to 1 ^sec. The p-HACT 
structure described in this paper has not been fully optimized, 
further calculations reveal that the doping in the first n-type 
layer may need to be reduced. 
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NON-PARABOLIC HYDRODYNAMIC FORMULATIONS FOR 
THE SIMULATION OF INHOMOGENEOUS 
SEMICONDUCTOR DEVICES 
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Abstract — Hydrodynamic models are becoming prevalent design tools for small scale devices and other 
devices in which high energy effects can dominate transport. Most current hydrodynamic models use a 
parabolic band approximation to obtain fairly simple conservation equations. Interest in accounting for 
band structure effects in hydrodynamic device simulation has begun to grow since parabolic models cannot 
fully describe the transport in state of the art devices due to the distribution populating non-parabolic 
states within the band. This paper presents two different non-parabolic formulations of the hydrodynamic 
model suitable for the simulation of inhomogeneous semiconductor devices. The first formulation uses 
the Kane dispersion relationship ( hkfjlm « W(\ + aWO- The second formulation makes use of a power 
law {(6k) 2 /2m = xW*} for the dispersion relation. Hydrodynamic models which use the first formulation 
rely on the binomial expansion to obtain moment equations with closed form coefficients. This limits the 
energy range over which the model is valid. The power law formulation readily produces closed form 
coefficients similar to those obtained using the parabolic band approximation. However, the fitting 
parameters (jc, y) are only valid over a limited energy range. The physical significance of the band 
non-parabolicity is discussed as well as the advantages/disadvantages and approximations of the two 
non-parabolic models. A companion paper describes device simulations based on the three dispersion 
relationships; parabolic, Kane dispersion and power law dispersion. Copyright © 1996 Elsevier 
Science Ltd 


NOMENCLATURE 

W carrier energy 

h Planck’s constant divided by 2 n 

k reciprocal lattice vector 

a non-parabolicity factor under the Kane dispersion 

relation, positional dependent 
m carrier mass at the band edge, a constant but 
positional dependent 

x, v adjustable parameters for the power law dispersion 
relation, both positional dependent 
g(k) density of states in momentum space 
conduction band edge 
electron quasi-fermi level 
Boltzmann's constant 
electron temperature 
Fermi integral of various order 
Fermi integral divided by gamma function 
gamma function 
effective density of states 
reduced energy {(£r« — £)/(K7i)j 
E t semiconductor band gap 
V, V, gradient operator in physical space 
Vi gradient operator in k space 
v t group velocity 

f distribution function 

/o equilibrium distribution function 

t relaxation time 

u conduction band potentials (electrostatic, affinity 
and band gap narrowing) 
n electron concentration 

I identity matrix 


g = 2 b(^) W V ' = 1 + 2 “ H ' + 

ft = (Pm + >}*KT.Pm) 

A = (& 1.1 + *}<xKT t & 1 / 2 ) 

1. INTRODUCTION 

The use of hydrodynamic models for device 
simulation are becoming common as characteristic 
device dimensions continue to decrease. Hot electron 
effects can play a dominant role in carrier transport 
for high mobility semiconductors. Current hydrodyn- 
amic models consist of a set of conservation 
equations derived by taking moments of the 
Boltzmann transport equation (BTE). During 
tlie derivation of the conservation equations the 
parabolic band approximation is used to obtain 
rather simple coefficients on the forcing terms in the 
flux equations. By relying on the parabolic band 
approximation higher-order energy transport effects 
due to variation in the band structure are neglected. 
Interest in accounting for band structure effects in 
hydrodynamic device simulation has begun to grow 
because parabolic models cannot adequately account 
for high energy effects in semiconductors with 
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non-parabolic band structures. Non-parabolic band 
formulations have a history dating back to the 
l950s[l-3]. However drift-diffusion models and more 
specifically hydrodynamic simulators with non- 
parabolic band formulations are a very recent topic 
of research. 

Several non-parabolic hydrodynamic models 
have been reported for homogeneous material 
systems[4-7] using the Kane dispersion relation- 
ship^]. The general functional form obtained 
is similar to parabolic hydrodynamic models 
with first-order corrections on the diffusion term. 
Azoff[8] derived a hydrodynamic model suitable 
for degenerate heterostructure semiconductors 
though the final form of the equations was not 
directly amenable to current device simulation 
codes. However, Azof! clearly showed that a 
forcing term due to a gradient in the non-parabol- 
icity factor exists. Woolard ei al.[ 9] presented a 
non-parabolic hydrodynamic model based on mo- 
ments of the velocity and energy (u, JF(k)) instead 
of the momentum and momentum squared 
(Ak, h 2 k 2 ). This leads to a simpler energy conserva- 
tion equation. However, the non-parabolic coeffi- 
cient in the field term and the forcing terms due 
to non-uniform band structure were neglected in 
the other moment equations. Cassi and Riccd[10] 
introduced an alternative to the Kane relation in 
the form of a power law for the dispersion 
relationship. Instead of using the classical Kane 
dispersion law relating the energy and momentum, 
the band was fit over a specified energy range 
using two adjustable parameters. The approxi- 
mations and assumptions implied by assuming the 
power law formulation were absent. It will be 
shown below that the power law formulation of 
the dispersion relation leads to a more simplistic 
and compact formulation than the classical Kane 
expression. 

The purpose of this paper is to introduce two 
non-parabolic hydrodynamic formulations suitable 
for the simulation of devices with inhomogeneous 
material layers. The final form of the conservation 
equations will be in a form which will allow 
incorporation into existing device simulation codes, 
similar to the parabolic formulation. These differ- 
ent formulations are based on different choices for 
the dispersion relationship, one uses the standard 
Kane dispersion for non-parabolic bands and the 
second uses a power law relationship! 10]. For 
comparison the parabolic hydrodynamic formu- 
lation will also be presented. The form of the 
conservation equations are strongly affected by the 
non-parabolicity factor of the bands, the choice of 
the dispersion relationship and the assumptions 
made to simplify the coefficients. As in the case of 
the parabolic formulation, both non-parabolic 
formulations require estimates of higher-order mo- 
ments to provide mathematical closure of the 
relationships. It will be shown that more physical 


insight can be obtained by examining the terms 
from the power law formulation due to their 
similarity to the parabolic formulation. The power 
law is advantageous in that the terms of the 
conservation equations are the same as in the 
parabolic formulation, except for a simple multi- 
plicative constant when Boltzmann statistics are 
employed. 

2. DISPERSION RELATIONS AND CARRIER 
CONCENTRATION 

The two non-parabolic dispersion relations relating 
the energy to the momentum are: 

IF(l+«»0-GjjE = (1) 

Where v is the non-parabolicity factor in the Kane 
dispersion relation. This parameter is usually 
calcinated from a k ° P perturbation approach to the 
band structure "i*he a factor can also be estimated in 
terms of know parameters of the semiconductor! 10]. 
The second non-parabolic dispersion relation is the 
pov/er law fort lulation of Cassi and RiccoflO] which 
is not a first-order approach to the band structure as 
compared to the Kane dispersion relation. Instead, 
the parameters x and y are obtained by a best fit to 
eqn (la) over a specified energy range. In Ref. [10] 
this energy :*ange was (1.5 eV, 3.0 eV) and the authors 
produced a very good fit for <x = 0.4789, determined 
by inference from x and y and is reproduced in Fig. 1 . 
The formulae for the carrier concentration using 
these two dispersion relations and assuming Fermi- 
Dirac statistics are (the binomial expansion has been 
employed for eqn (2a)): 

* = N c (T')[& ia (n) + VaK B r e ^3 2 (i?)] 



Energy (eV) 

Fig. 1. Dispersion relations for the Kane model (solid line, 
a = 0.4789), the power law formulation (dashed lined, 
x = 1.365, y = 1.52 fit over high energy, 1.5 < W ^ 3.0 eV) 
and the power law formulation (dotted line, x = 1.185, 
y « 1 .052 fit over low energy, 0.0 ^ W < 0.2 eV). The insert 
shows the detail of the low energy range. 
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Reduced Energy 


Fig. 2. Deviation, from the parabolic case, of the carrier 
concentration as a function of the reduced energy for the full 
a formulation (solid line, a « 0.4789), binomial a (dotted), 
power law fit at high energy (dashed, x = 1.365, y « 1.52) 
and power law fit at low energy (dashed, x = 1.185, 
y = 1.052) dispersion relations as a function of the reduced 
energy (/f) at 7 t = 300 K. 


n = A- c (7' 1 )x 1 7(K,7',)' i ^'- | |^ 

( 2 ) 

In the case of the Kane dispersion the non-parabolic- 
ity is a perturbation to the parabolic model regardless 
of the fact that Fermi-Dirac statistics were used in 
the derivation instead of Boltzmann statistics. In the 
power law case, unlike the a formulation, the carrier 
concentration will only differ from the parabolic by 
a multiplicative constant if Boltzmann statistics are 
assumed. 

Within the hydrodynamic simulation of a device 
the carrier concentration is calculated by directly 
solving the continuity equations. Inspection of 
eqns (2a, b) shows that the concentration in 
both cases is a function of the reduced energy, tj. 
The determination of rj at each position is crucial to 
the successful simulation of a device since most of the 
factors within the transport equations i.e. number of 
ionized dopants, Shockley- Read-Hall recombination 
etc., are functions of tj as well. Therefore, from the 
knowledge of the carrier concentration at any specific 
position the reduced energy, rj , is calculated by 
suitably inverting eqns (2a, b). With these facts in 
mind it is illustrative to compare the non-parabolic 
formulations for the carrier concentration to the 
parabolic formulation at various reduced energy 
values. Figure 2 displays the deviation from the 
parabolic formulation for a = 0.4789, x = 1.365 and 
y = 1.52[10], The case of the full Kane dispersion 
relation before binomial expansion is also given in 
Fig. 2 and shows that the binomial expansion is 
justified for this case of the non-parabolicity 
parameter; the two curves are almost identical 
throughout the entire reduced energy range. Notice 
also that the deviation of the alpha non-parabolicity 


formulations is at most 5% from the parabolic case 
until the reduced energy exceeds zero, when the 
difference in the orders of the Fermi integral is larger. 
However, in the case of the power law fit at high 
energy, the deviation from the parabolic case is more 
than 82% and more than 87% from the a 
formulation. To explain this large difference the plots 
of the dispersion relations must be re-examined, 
Fig. 1. At the high energy part of the curve the power 
law and a formulations have nearly identical 
dispersion relations. The insert in Fig. 1 shows the 
low energy range and shows the maximum deviation 
of the two curves. Though there is a greater deviation 
between the two curves at lower energy than at high 
energy, the maximum difference between the two 
curves is insufficient by itself to fully account for the 
large difference in the carrier concentrations. 
However, carrier concentration depends upon both 
the density of states and the distribution function. 
Since the distribution function weights more heavily 
to lower energy states, a mismatch at low energy is 
strongly reflected in the product of the distribution 
function times the density of states and subsequently 
the carrier concentration. Therefore, in order to 
obtain a matched value of the carrier concentration, 
it is critical to have a closer fit to the low energy 
range of the band. For comparison, a low energy 
fit was made using a different set of values for x and 
y, x- 1.185 and y- 1.052. These values of * 
and y were determined by fitting the power law 
dispersion relation over the low energy range 
(0.0 eV s* W ^ 0.2 eV). As can be seen from the 
inset of Fig. 1, the dispersion relations match very 
closely at low energy but deviate significantly at 
higher energy. Figure 2 also shows the calculated 
carrier concentrations for various reduced energy 
values using the low energy power law fit factors. 
Comparing the power law fit to the high energy range 
and applying the power law fit to the low energy 
range of the band produces concentration values 
which closely match those obtained using the a 
formulation. 


3. PARTICLE FLUX EQUATIONS 

The general flux (0 - v g ) conservation equation is 
determined by taking moments of the BTE as 

| <jr,J) + V. - (/iot) -/^ • V. 


-/F- 


1 

m(k) 


1+fF- 


3(k V k m(k)) _ -(/-/q) 
m(k) 2 f t 


(3) 


Notice that the third, fourth and fifth terms on the 
left-hand-side are tensor products. The factor of 3 in 
the fifth term is due to the order of parenthesis in the 
original moment equation. This moment equation 
cannot be processed further until some functional 


1 
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form of the effective mass is assumed, which depends 
on the choice of the dispersion relation. Using the 
parabolic dispersion and the two dispersion relations 
in eqn (1), the resulting flux equations are (positional 
subscript on the gradient operators has been 
removed): 

!<! 

= 5 ~ ( | / t ~' / ° ) . (4) 

+ ( /W ^ rnlr !>,) ) v " + (s?>) v ‘' 
, Wi =SLzA>. (5) 




j>«=^ 




+ pVa# 


gXjny 


dfV 


+ M^gjf i ^^dlV=-nv, ( 8 ) 


[ dfV 


nJxVx 


Vjcl /Tf^- ' Cv - 
|_ m t x J 3m t xy 3 

(^XH- 
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3xy : 

H-JxVy 


\y - 4]g + ' dW 


+ 2-4 


ln(H0 


-I- 3>- lnCWOIdW^ 


j(l +21n(«0)+>-ln(W0)V^ 


+ Ai n /xV£ c 0 - lj* j/W> 12 dW= -nv. 


(9) 




(6) 


Each of these equations must be integrated over all 
k space or equivalently over energy using the 
density of states[ll]. Before the integration is 
performed one more assumption must be made, 
that the relaxation time is independent of k or W . 
If the constant relaxation time assumption is not 
made then the energy dependence of the relaxation 
time must be moved through the gradient operator 
on the second term in each of equations (4)— (6) 
and a term accounting for the gradient of the 
relaxation time must be re-created. Changing 
the integration from k space to energy space, 
substituting for the mobility, (ji = x/m) and mak- 
ing vji> equal to zero gives the following integral 
equations: 

T ¥ + H' V [*J^ W ' W d *] - » ^7 g jV*' di W 


To produce closed form solutions for the integrals in 
eqn (8) the binomial expansion is used repeatedly and 
all terms of order a 2 or higher are set to zero, to finally 
become 


+ fiVag 


+ flVCcg 


Hj + ^) 


dW = -nv. (10) 


+ ixVe, 


c 


dW= -nv, (7) 


The only term in the power law flux equation 
(eqn (9)) which will require an expansion is the 
Vy term due to the In( WO factor in the integrand. 
The expansion may only be required for certain 
choices of the distribution, but to maintain 
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Tabic 1. Terms (prefactors) within the integrands of the forcing coefficients which are graphically compared 



Equation 


Mass term V/h 

Field term Ve< 

Formulation 

number 

Diffusion term 

parabolic 

(7) 

W™ 

W* 

H/i/i 

a formulation 

(8) 

{W(\ +aW0) ,a 
(1 + 2aXV) 
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a with binomial 
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( 10 ) 
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x l J (2 ~ y) yyr! 7 

y 


generality it is applied for all distributions. A 
parabolic interpolation, using the points, 0, 0.5 and 
1 , to the part of the equation containing the log term 
is: 



\n(lV)dlV^H0.5f v,li + 


ln(0.5) 


f 


x /(If' 2 - W)dW. (11) 


With the above substitution the power law flux 
equation can be written as: 


d(nv) 
T . dt 
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g [-A + 3y]4 ln(0.5)(0.5)°’ /2t + ' 


X Uw 2 - IfOd^+^VxVtcP - ljg 


x j fW> 2 dW = -nv. (12) 

The approximation in eqn (11) tends to degrade as y 
increases. However, this forcing term will not appear 
in simulations of homogeneous materials. In the case 
of inhomogeneous materials systems this term may be 
quite small as y has only a limited range, (1 ^ y 2). 

One of the goals of this paper is to derive a 
hydrodynamic model suitable for fast efficient 


simulation of state of the art devices. As previously 
stated the parabolic model is inadequate for 
certain material systems due to the fact that their 
band structures deviate dramatically from a 
parabolic shape at high energies. In these situ- 
ations, a non-parabolic band structure provides a 
more accurate description. As discussed above, the 
full a formulation captures the desired physics, but 
is unattractive because the coefficients within 
the transport equations need to be numerically 
evaluated. In contrast, the binomial a formulation 
and the power law formulation provide closed 
form expressions for the transport coefficients. 
However, the question remains as to their ability 
to display the proper trends; how closely do the 
coefficients match the full a formulation? We 
will show that the binomial a formulation has a 
limited energy and non-parabolicity range due to 
the binomial approximation. Non-physical results 
will be obtained if the formulation is extended 
into regions outside the binomial limit. The 
power law does not produce non-physical results 
but more closely matches the parabolic formu- 
lation when fit to the low energy part of the 
band. 

The coefficients on similar forcing terms in the 
various formulations can now be compared to 
examine the impact of the non-parabolicity factor 
and approximations made during the derivation. The 
comparison is done at this time to avoid any 
confusion from assuming a distribution function. 
Table 1 lists the forcing terms which are compared 
and the terms within the integrands involved. Table 2 
contains the values of the non-parabolicity factors at 
which these factors are compared, this includes values 
of a from 0.04 to 4.0 and appropriate (x, y) values fit 
to these a values over two different energy ranges 


Table 2. Values of the non-parabolicity factors which are compared. 
This includes at values from 0.04 to 4.0 and (x, y) values fit to these 
pc values over two different energy ranges (0.0,0 2) and (1.5, 3.0) 


Case 

a 

.r ,>• {0.0, 0.2} 

x,y {1.5, 3.0} 

a 

0.04 

1.0148, 1.0045 

1.0207, 1.0827 

b 

0.4789 

1.185, 1.052 

1.365, 1.52 

c 

4.0 

2.975, 1.322 

4.8233, 1.901 
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Energy (eV) 


Fig. 3. Comparison of the integrand coefficients (prefac- 
tors) occurring on the diffusion term of the particle flux 
formulations. See Tables 1 and 2 for the exact form of the 
equations and degrees of non-parabolicity considered. 


(0.0, 0.2) and (1.5, 3.0). Figure 3 shows the prefactor 
for the diffusion term from all the flux equations, 
Fig. 3(a) is for slightly non-parabolic bands 
(a = 0.04); Fig. 3(b) is for the non-parabolicity in 
Ref. [10] (a = 0.4789) and 3(c) is for a highly 
non-parabolic band (a = 4.0). Figures 4(a-c) and 
5(a-c) display the prefactors on the forcing terms 
from changes in the effective mass and the field for 
the three degrees of non-parabolicity. For all three 
forcing terms at the lowest values of non-parabolicity 
(Figs. 3a, 4a, 5a) the prefactors compare favorably 
with the parabolic formulation. For the diffusion 
term (Fig. 3(a-c)) as the non-parabolicity factor 
increases the two cases of power law formulation 
match very closely to the full a formulation. On the 
other hand the a formulation that utilizes the 
binomial expansion is very different, especially at the 
highest value of non-parabolicity considered. From 
Fig. 3(c) it is clear that the binomial a formulation is 
clearly incorrect if the energy exceeds 0.5 eV. Even 
before this point the diffusion will be underestimated. 
In the case of the mass term, Fig. 4, the power law 
formulation which is fit over the low energy range is 
much closer to the parabolic case, as expected due to 
the small change in the fitting parameters from their 
parabolic values. However, the power law with the 
parameters fit over a larger energy range more closely 
matches the full a formulation. As in the case of the 
diffusion term, the binomial a formulation severely 
underestimates the effect of this forcing term 


especially as the non-parabolicity is increased and is 
limited to energies less than 0.1 eV for a = 4.0. The 
coefficients for the field term, Fig. 5, follow the same 
conclusions as for the mass term. From these 
figures it is clear that the binomial a formulation has 
a very limited energy range of validity as the 
non-parabolicity factor is increased. Using this 
formulation at higher energies or high non-parabolic- 
ity factors can give un-physical results due to the 
prefactors changing sign. On the other hand, the 
power law formulation with parameters fit over a 
small energy range will tend to produce results which 
more closely match the parabolic band model. It will 
not produce un-physical trends and does appear to 
have a larger range of validity for both energy and 
non-parabolicity factors. The case of the power law 
with parameters fit over a large energy range more 
closely matches the full ot formulation in terms of the 
forcing coefficients. However, due to the problems 
previously described for the calculation of the carrier 
concentration this advantage may be immaterial. 

Table 1 can also be used to gain some physical 
insights into transport in the non-parabolic band 
structures, especially using the power law formu- 
lation. First notice that as the non-parabolicity factor 
is decreased (a-^0, x->l, y-*l) all the coefficients 
reduce to the parabolic case indicating that all three 
formulations are equivalent in this respect. As the 
non-parabolicity factor and energy increases the 
binomial a formulation can actually predict a change 
in the sign of a forcing term. In the full a formulation 



0 02 0.4 0.6 0.6 1 

Fig. 4. Comparison of the integrand coefficients (prefac- 
tors) occurring on the gradient of the effective mass term of 
the particle flux formulations. See Tables 1 and 2 for the 
exact form of the equations and degrees of non-parabolicity 
considered. 
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Fia 5. Comparison of the integrand coefficients (prefactors) occurring on the gradient of the potential 
tenn occurring in the particle flux formulations. See Tables 1 and 2 for exact form of the equations and 

degrees of non-parabolicity considered. 


the sign on the forcing terms does not change but it 
is unclear as to how the term decreases. In the case 
of the power law, when the parameter y equals 2 it 
is obvious that the field term will become identically 
zero. The only terms which will be non-zero in the 
flux equation will be the diffusion, gradient in mass 
and gradient in the non-parabolicity terms. This can 
be explained with the use of the power law energy 
equation {eqn (lb)} and the group velocity equation. 
When y equals 2 there is a linear relationship between 
the momentum and energy, the bands are V shaped. 
The group velocity is proportional to the gradient of 
the energy with respect to k, which for the case of y 


equals 2 means that the group velocity is a constant. 
Therefore, no matter how much force is applied to 
the electron by external forces the velocity is not 
increased. The only factors which can produce 
current are gradients which can change this fixed 
velocity, i.e. changes in mass or non-parabolicity 
factor, or changes in the number of carriers moving 
at this fixed velocity, diffusion. Therefore non- 
parabolic formulations which do not include 
coefficients to diminish the field term as the 
non-parabolicity increases overestimate the flux. 

At this point in the derivation a recursion relation 
must be formulated, a distribution function assumed, 


SSE 39/11— F 
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or some other mathematical method {minimum- 
maximum theorem} must be used to provide 
mathematical closure for eqns (7), (10) and (12). 
Since, a goal of this paper is the formulation of 
models suitable for the numerical simulation of 
devices the first two options are explored[12]. A 
recursion relation would allow moments of higher- 
order to be approximated by lower-order moments, 
the lower-orders are calculated from the conservation 
equations. This option does not require that a specific 
form of the distribution function be used, unless the 
recursion relations are based on a specific distri- 
bution. However, in the case of non-parabolic bands 
the standard recursion relations may no longer be 
applicable[9]. Therefore, this option was not pursued. 
The other option and the one chosen for this work, 
is to assume a specific form for the distribution 
function, higher moments can then be calculated 
based on the known distribution function. Some of 
the choices for the distribution function include 
heated Maxwellian, shifted and heated Maxwellian, 
heated Fermi-Dirac, or shifted and heated Fermi- 
Dirac. Since the Maxwellian distributions can be 
recovered by relaxing the degeneracy, the Fermi- 
Dirac distributions were the only ones considered for 
this work. 

In the non-parabolic formulation a simple relation 
between energy and velocity will not exist due to the 
change in the density of states. Also higher-order 
powers of the energy are required to close the 
relationships in the a formulation, this will require 
cross product terms involving the temperature and 
the velocity. In addition, the power law formulation 
has non-integer powers of the energy which will be 
very difficult to evaluate for the shifted and heated 
distributions. Due to these conditions and the fact 
that all the formulations break down as the energy 
rises, the heated Fermi-Dirac distribution was used 
to close the relationships. The flux equation in the 
binomial a formulation is: 
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The flux equation in the power law formulation 
becomes: 
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The reader can verify that as the non-parabolicity 
factors are diminished, (a->0, x , y-+ 1), the 
two non-parabolic formulations reduce to the 
standard parabolic case. The equations also 
reduce to simpler forms when the degeneracy 
effects are ignored (all orders of Fermi integral reduce 
to exponentials). The flux equations can be 
discretized using normal techniques to produce 
comparable simulation codes under various assump- 
tions^] 


4 . ENERGY FLUX EQUATIONS 

For the energy flux equation {& - Wv t ) the 
general conservation equation is 
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Notice that the fourth through seventh terms on the 
left-hand-side are tensor products. As in the case of 
the particle flux moment the energy flux moment 
equation cannot be processed further until some 
functional form of the effective mass is assumed. By 
making similar assumptions, substitutions and 
approximations {binomial expansion, Fermi-Dirac 
statistics, equipartition of energy . . .} the energy flux 
equations for the three dispersion relationships 
become 
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variations in the non-parabolicity factors of the 
bands as suggested by Azof! have been re-created in 
both non-parabolic formulations. It was shown that 
the binomial a formulation is suitable for the 
calculation of the carrier concentration but has a 
limited energy and non-parabolicity range when 
applied to the coefficients of the flux equations. 
Extending the binomial a formulation past these 
limits leads to non-physical terms in both the particle 
and energy flux equations. In the case of the power 
law formulation it was shown that when the 
adjustable parameters were fit to the high energy 
range the deviation in the carrier concentration from 
both the parabolic and a cases was extreme. When fit 
to the lower energy range the power law produced 
carrier concentrations comparable to the a formu- 
lations. The energy and non-parabolicity range of the 
power law formulation for the particle and energy 
flux equations is larger than the binomial a 
formulation, but it is still limited by the 
adjustable parameters. However, unlike the binomial 
a formulation the power law will not lead to 
physically unrealistic results, but will tend to more 
closely match the parabolic formulation when the 
adjustable parameters are fit over the low energy 
portion of the band. It is shown and argued using the 
power law formulation and a high non-parabolicity 
factor (y = 2) that a dampening factor must exist on 
the field term in the particle flux equation to account 
for the non-parabolicity of the bands in both 
non-parabolic formulations. Particle flux and energy 
flux equations using a heated Fermi-Dirac distri- 
bution function are also, presented, to allow for 
incorporation into existing device simulators. 
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Georgia Institute of Technology, Atlanta, GA 30332-0250, U S A. 
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Abstract— Parabolic drift-diffusion simulators are common engineering level design tools for semiconductor 
devices. Hydrodynamic simulators, based on the parabolic band approximation, are becoming more 
prevalent as device dimensions shrink and energy transport effects begin to dominate device characteristics. 
However, band structure effects present in state-of-the-art devices necessitate relaxing the parabolic band 
approximation. This paper presents simulations of ballistic diodes, a benchmark device, of Si “dGaAs 
using two different non-parabolic hydrodynamic formulations. The first formulation uses the Kane dispersion 
relationship in the derivation of the conservation equations. The second mode uses a power Uw dispersion 
relation f(ftk) J /2m = xW>\. Current-voltage relations show that for the ballistic diodes considered, the 
non-parabolic formulations predict less current than the parabolic case. Explanations of this will be provided 
by examination of velocity and energy profiles. At low bias, the simulations based on the Kane formu a ho 
predict greater current flow than the power law formulation. As the bias is increased this trend changes and 
the power law predicts greater current than the Kane formulation. It will be shown that the non-parabohcity 
and energy range of the hydrodynamic model based on the Kane dispersion relat.onarehmUed due o 
the binomial approximation which was utilized in the derivation. Copyright © 1996 Elsevier Science 


NOTATION 

ft Planck’s constant divided by 2n 
k reciprocal lattice vector 

a non-parabolicity factor under the Kane dispersion 

relation 

m carrier mass at the band edge, a constant 
x y y adjustable parameters for the power law dispersion 
relation 
W energy 

T electron temperature 

p, Fermi integral of order ? divided by gamma function 

(?+l) 

r gamma function 

low field mobility value 
p mobility value 

E electric field 

t c band edge parameters (potential, bandgap narrowing, 

affinity) 

V gradient operator in physical space 

v electron velocity 

S electron energy flux 

t relaxation times 

p hole concentration 

n electron concentration 

K Boltzmann’s constant 


INTRODUCTION 

Drift-diffusion simulators and more recently hydro- 
dynamic simulators are commonly being used as 
design tools for semiconductor devices. The hydro- 
dynamic simulators are required as device dimensions 


decrease and the energy transport effects begin to 
dominate device characteristics. These simulation tools 
are commonly based on the parabolic band approxi- 
mation for the semiconductor materials. However, 
band structure effects present in state-of-the-art devices 
necessitate relaxing the parabolic band approxim- 
ation. Several non-parabolic hydrodynamic models 
have been reported for homogeneous materials sys- 
tems[l-5] using the Kane dispersion relationship^]. 
Very limited device simulations based on these models 
have been presented[2,5], and fewer still have been 
compared to drift-diffusion simulations or parabolic 
hydrodynamic simulations of the same device[3]. The 
lack of simulation results may be due to the limited 
energy and non-parabolicity range over which the 
binomial Kane formulation is valid. 

In a previous paper[7] we have presented two 
different non-parabolic hydrodynamic formulations 
suitable for device simulation; the parabolic form was 
also presented for reference. These forms resulted from 
the use of two different non-parabolic formulations 
for the dispersion relationship of the semiconductor 
in the derivation of the conservation equations. The 
first uses the classical non-parabolic Kane dispersion 
relationship, {(ftk) 2 /2/n - W{\ + afV)}lQ* hereafter, 
also called the a formulation. The second uses a 
power law dispersion relation {(ftk) 2 /2m — 

The purpose of this paper is to present device simu- 
lations based on the non-parabolic hydrodynamic 
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equations presented in Ref. [7]. These simulations are 
compared to the parabolic hydrodynamic case for the 
same device, as well as the drift-diffusion simulations. 
Ballistic diodes, the benchmark device for hydro- 
dynamic simulations, of silicon and gallium arsenide 
are simulated under a variety of bias conditions. 
Current— voltage characteristics of the three dispersion 
relations are compared utilizing the drift-diffusion 
approximation and the full hydrodynamic formula- 
tions. 

This paper will proceed as follows: first, the ballistic 
diode structure is introduced, the doping and structure 
are the same for both material systems considered. 
The numerical aspects and physical models of the 
simulation code will then be presented. The material 
properties, including the non-parabolicity factors used, 
are presented for both Si and GaAs. Current-voltage 
characteristics for the silicon diode are discussed and 
explained using velocity and energy profiles. The dis- 
cussion covers both drift-diffusion simulations and 
hydrodynamic simulations under the same conditions. 
Current-voltage characteristics for the GaAs diode 
are then presented. As in the case of the silicon 
simulations, velocity and energy profiles will be used 
to explain the results. In addition, mobility profiles 
will also be presented and explained in terms of the 
electric field and energy profiles. Energy profiles at 
high bias will be used to explain the breakdown in 
the a formulation. 


— nv = iiKT 


V/i + fwVe c 


fe} 

<■> 

The flux equation for the binomial a formulation 
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The flux equation for the power law formulation is 


ballistic diode structure 

The ballistic diode structure examined is comprised 
of source and drain regions 0.2 //m in length doped 
at 5.0 x 10 I7 cm~ 3 on both ends of a 0.4 /m thick 
2.0 x 10 15 cm -3 /Mype layer. This device structure is 
the benchmark for hydrodynamic (energy balance) 
simulations[9]. It was one of the first devices simulated 
using a full hydrodynamic simulator[10]. Although 
the device structure does not reflect all of the advanced 
physics included in the equations of Ref. [7] (Fermi- 
Dirac statistics, inhomogeneous materials), enough 
are present to highlight the applicability of the models. 
The bias is applied on the drain side, right hand side, 
of the device. The electrons enter the source and 
are swept out of the drain. The doping profiles and 
boundary conditions are assumed to be the same, 
regardless of the material system being simulated, 
silicon or GaAs. 

NUMERICAL MODELS 

The particle and energy continuity equations are 
the same as those derived by Woolard et a/.[ll]. 
The flux equations presented in this paper will be 
a subset of those presented in Ref. [7], in that all 
of the inhomogeneous material terms will be 
neglected. The particle flux equation (the derivation 
for all three cases is given in Ref. [7]) for the parabolic 
band case is 


2fi 

-nv^^—AKTf 
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The complete inhomogeneous energy flux equations 
for the three dispersion relations are listed as eqns 
(16)— (1 8) in Ref. [7]. The homogeneous material 
equations, which apply to the device structures of 
interest here, simplify to 
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Si[16] and GaAs[16] are used. The form used for 
GaAs captures the overshoot in the velocity-field rela- 
tion. The value of the low field mobility, ^ depends 
upon the doping density and temperature of the 
device and is given in the next section. The equation 
used for is given in Ref. [17] and will not be repeated 
here. 

Another important physical model which is included 
in the simulation is a non-infinite heat sink for the 
lattice. This effect is included by using the energy 
exchange terms of Szeto[18] which are included as 
source/sink terms in the energy continuity equations 
(power density terms). The values for the relaxation 
times (ts) used in these expressions are listed in the 
next section. 

The final numerical aspect of the model which 
must be addressed are the choices for the boundary 
conditions, both electrical and thermal in nature. 
Along both lateral sides of the ballistic diode symmetry 
boundary conditions are assumed for all of the vari- 
ables. At the source and drain contacts, true ohmic 
conditions are used for the electrical contacts[16]. 
In the cases of the energy equations the temperatures 
(lattice and carriers) were set to 300 K at both ends 
of the device, implying full thermalization of the 
carriers. 


MATERIAL PARAMETERS 


+ ^(tfr,) 3 - 

xy 



(H 

r 

(H 

& (v/2) + 1 

£4 

i 

u 

1 

1 


(6+>or| 


(H 


072)4-2 


3T(f y)!F (3/2 )^ - j 


vr e 

T' 


( 6 ) 


Equation (4) is the parabolic energy flux, while 
eqn (5) is for the alpha formulation and eqn (6) is 
for the power law formulation. The non-parabolic 
formulations have now been included in the two- 
dimensional device simulator STEBS-2D[12], which 
was originally a parabolic band hydrodynamic device 
simulator. The equations were discretized using the 
techniques in Refs [12 and 13]. For the exponential 
terms in the discretization equation, with factors 
composed of powers of the temperature, we have 
made the assumption that the position dependent 
temperature can be replaced by the average nodal 
temperature. 

It has been shown by several researchers that the 
choice of the mobility model used in the hydrodynamic 
simulation can effect the shape of the velocity field 
relation[14] and the electronic thermal conductivity 
[15]. However, to provide a fair comparison with drift- 
diffusion simulations, which by their nature can not 
use an energy dependent mobility, we have chosen 
to use a field dependent mobility model for all of the 
hydrodynamic and drift-diffusion calculations pre- 
sented here. The standard field dependent models for 


The material parameters which are important for 
the successful simulation of the devices are the non- 
parabolicity factors and the energy relaxation times. 
For silicon using a bandgap of 1.124 eV and an 
effective mass of 0.326[19], the non-parabolicity factor 
can be estimated, from eqn (6) of Ref. [7], to be 
0.4039 eV" 1 . Fitting the band to the energy range 
(0 ^ W ^ 0.2) eV results in band parameters of x = 
1.15512 and y = 1.0439 for the power law dispersion 
relation. The low field mobility values for Si are 
1332.2 and 380.6 (cn^V^s -1 ) for doping densities 
of 2.0 x 10 15 cm"\ and 5.0 x 10 17 cm" 3 , respectively. 
The energy relaxation time in silicon is set to 0.2 ps 
for the electrons and 20 fs for the holes. Using GaAs 
with a bandgap of 1.424 eV and an effective mass of 
0.070, the non-parabolicity factor is estimated to be 
0.60736 eV -1 . Fitting the bands to the same range as 
in silicon, the power law non-parabolicity parameters 
for GaAs are x = 1.2375 and y = 1.06489. The low 
field electron and hole mobility values used for GaAs 
were 7940.9 and 2972 cm 2 V" 1 s _l , respectively, for 
the doping densities of the ballistic diode. The energy 
relaxation time in GaAs is set to 0.1 ps for both 
electrons and holes. 

SILICON BALLISTIC DIODE 

Figure 1 displays the calculated current-voltage 
characteristics of the silicon ballistic diode for six 
different cases considered: three drift-diffusion simu- 
lations with different dispersion relations (parabolic, 
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a formulation, and power law) and three hydro- 
dynamic simulations. The first observation is that the 
current calculated using the parabolic case is always 
greater than that determined using the non-parabolic 
models. This is true regardless of the use of the full 
hydrodynamic formulation, or just the drift-diffusion 
formulation. A cursory examination of eqns (I)-(3) 
shows that the non-parabolicity tends to reduce the 
effective mobility and diffusivity of the material sys- 
tem. The second observation is that the a formulation 
predicts greater current than the power law formu- 
lation at the same bias when using the drift-diffusion 
approximation. However, when the full hydro- 
dynamic formulation is used the power law predicts 
greater current than the a formulation, at least at 
the higher values of applied bias. Figure 2 shows the 
calculated velocity profiles through the device for the 


six cases considered. The figure confirms the current- 
voltage characteristics in Fig. 1, the non-parabolic 
velocities are all less than the parabolic case. Also, the 
velocity of the power law formulation under the drift- 
diffusion approximation is less than the a formulation. 
However, when the full hydrodynamic simulation is 
performed, the velocity of the power law form exceeds 
that obtained using the a formulation. Figure 3 dis- 
plays the energy profile through the device, calculated 
using the temperature and the velocity from the cur- 
rent density. The small difference in the drift-diffusion 
energies is due to the differences in the velocities. 
These energy profiles are typical of those obtained 
for the ballistic diode[9,10]. However, notice that the 
non-parabolic formulations predict lower energy peaks 
than the parabolic formulation. This is contrary to that 
obtained in Ref. [3] for a similar structure. The cause 
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e Fig. 3. Energy profile of the silicon ballistic diode biased to 1 volt for the three energy dispersion relations 

under drift-diffusion conditions and hydrodynamic conditions. 
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of this discrepancy is currently unknown. However, 
since the non-parabolicity factors tend to decrease the 
mobility and diffusivity, the energy trends displayed 
in Fig. 3 are consistent with all of the results pre- 
sented here. These same trends in current, velocity 
and energy have also been observed when a self- 
consistent energy dependent mobility model[20] was 
used in the hydrodynamic simulations. 

GALLIUM ARSENIDE BALLISTIC DIODE 

Figure 4 displays the current-voltage characteristics 
simulated for the GaAs ballistic diode. Figure 4 shows 
the same trends as observed in Fig. 1 for silicon. The 


non-parabolic formulations predict less current than 
the parabolic formulation using drift-diffusion or the 
full hydrodynamic form; the a formulation predicts 
more current than the power law form using the drift- 
diffusion approximation, but less current when the full 
hydrodynamic equations are simulated. However, 
at 03 volts applied bias the power law does predict 
slightly less current. To resolve this, the structure was 
simulated at finer voltage steps under low bias. The 
current-voltage characteristics from 0.0 to 0.4 volts 
for the two non-parabolic hydrodynamic formulations 
are shown as an insert to Fig. 4. The power law 
predicts smaller current values than the a formulation 
until the applied bias exceeds 0.32 volts, after which 



Fig. 4. Current-voltage relation of a GaAs ballistic diode using the drift-diffusion approximation with 
three different dispersion relations and the full hydrodynamic formulation using the same three dispersion 
relations. Insert shows current values of the full hydrodynamic formulation and the two non-parabolic 

dispersion relations at low bias. 
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F,g. 5. Velocity profile of the GaAs ballistic diode biased to 1 volt for the three cases of dispersion relations 
under drift-diffusion conditions and hydrodynamic conditions. 
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Fig. 6. Energy pr0file un °2; e d ^ 1 b fi allis,ic “ *° ' volt for the three cases of dispersion relations 

under drift-diffusion conditions and hydrodynamic conditions. 


the power law predicts greater current. Another 
feature which is different than the case of silicon is 
that at higher biases the a formulation predicts lower 
current than at lower bias. It will be shown that this 
can be attributed to the breakdown of the binomial 
approximation used in the derivation. 

The velocity and energy profiles for the GaAs 
structure under I volt bias are plotted in Figs 5 and 6. 
As for the case of the current, the same trend occurs 
as in silicon, the velocity predicted by the non- 
parabolic formulations is less than the parabolic case. 
The energy profile is different than that obtained for 
silicon, Fig. 3. First, near the source end of the device 
the non-parabolic forms predict greater energy than 
the parabolic case. At the drain end of the device the 
energy of the parabolic case does exceed the non- 
parabolic cases. However, the peak energy predicted 


by the power law is quite close to the parabolic case, 
whereas the a form has a peak energy which is much 
lower. 

Since the device is dominated by drift effects, it is 
beneficial to examine in detail the quantities which 
effect the drift component of the current. This includes 
the “effective” mobility and the field itself. Figure 7 
is the effective” mobility of the field term. This is the 
prefactor in front of the electric field term, nVc c , in 
eqns (l)-(3). In the drift-diffusion simulations these 
factors are a constant, unless the field or doping 
changes the mobility. The field profiles for the hydro- 
dynamic formulations differ only slightly from each 
other and the drift-diffusion cases. This is due to 
slight changes in carrier profiles caused by changes in 
the density of states and other parameters. The small 
differences in the field profile do not explain the large 
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Fig. 7. “Effective” mobility on the field term in the flux equations. Under drift-diffusion conditions the 
mobility only changes due to doping and field effects. Under non-parabolic hydrodynamic conditions at 
high energy the “effective” mobility decreases. 


variations in “effective” mobility observed in Fig. 7. 
The doping profile does play a role in changing the 
mobility as displayed in Fig. 7 for the drift-diffusion 
cases where there is an abrupt change in mobility 
when the doping changes. Notice that the “effective” 
mobility of the power law form is lower than the a 
form in the drift-diffusion model, as shown in Fig. 7. 
This leads to the lower current values under the 
drift-diffusion approximation for the power law'. 
In contrast, under full hydrodynamic simulation the 
a formulation’s “effective” mobility is lower, leading 
to smaller current values. The current-voltage trend 
observed in the insert of Fig. 4 can now be explained 
using Fig. 7. At low bias the energy of the carriers has 
not risen significantly above the drift— diffusion case, 


the “effective” mobility of the a formulation is greater 
than the power law formulation and for the same field 
this leads to higher current "sing the a formulation. 
As the bias is increased substantial heating of the 
carriers occurs, the “effective” mobility under the a 
formulation decreases more than the power law form 
leading to lower current values. 

As previously stated, the current simulated under 
the hydrodynamic a formulation decreases as the bias 
is increased. This can be attributed to the breakdown 
in the binomial expansion used in the derivation of 
the closed form coefficients. Azoff[21] predicted that 
the binomial expansion on the diffusion term becomes 
inaccurate when the condition 2aW / <l no longer 
holds. In Azoff’s work[21] non-parabolicity effects 



Fig. 8. Energy profile of the GaAs ballistic diode biased to 2 volts for the three cases of dispersion relations 
under drift-diffusion conditions and hydrodynamic conditions. The validity conditions of the binomial 
expansion in the a formulation have been exceeded. 
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on the field were not taken into account. For Azoff’s 
value of a = 0.5823 this condition implies a hot carrier 
energy limit of 0.859 eV, i.e. the average energy of the 
carriers should not exceed 0.859 cV. In this paper, we 
have used ana = 0.60736 which implies a hot carrier 
limit of 0.823 eV for the diffusion term. However, in 
the derivation of the field dependent term within 
the present work, where non-parabolicity is included 
[Ref. [7], Equation (13)], the use of the binomial 
expansion in simplifying the denominator leads to an 
extra factor of two. In this case, the binomial expan- 
sion becomes inaccurate yielding unreliable results 
when the condition 4a W < 1 is invalid. For the choice 
of a = 0.60736, this restriction implies a hot carrier 
energy limit of 0.41 15 eV. The peak average energy in 
Fig. 6 is less than 0.41 15 eV for all three cases of the 
dispersion relation and the difference in peak energies 
for all three formulations is not large. However, at a 
two volt bias the average energy of the parabolic and 
power law formulations exceeds the limiting value 
reaching values of approximately 0.7 eV, as shown in 
Fig. 8. On the other hand the peak average energy 
of the a formulation fails to track the increase in 
the energy predicted by the parabolic and power law 
models. As can be seen from Fig. 8, the a formulation 
predicts a much lower peak average energy of 0.5 eV, 
still above the range of energies for which this model 
is suspect. It is clear then, that at higher applied 
voltages and consequently high average energies, use 
of the a formulation containing a binomial expansion 
leads to inaccurate predictions of the key macro- 
scopic observables, i.e. average energy and current. 


CONCLUSIONS 

In this paper, ballistic diode simulations using two 
different non-parabolic formulations of the energy dis- 
persion relation within a hydrodynamic model have 
been performed. These calculations have been com- 
pared to those made with non-parabolic drift-diffusion 
models and a parabolic hydrodynamic model. The first 
non-parabolic formulation of the energy utilizes the 
Kane dispersion relation. In order to produce closed 
form coefficients in the transport equations, thereby 
making the calculation numerically tractable, it is 
essential that the terms be simplified using a binomial 
expansion. Unfortunately, the resulting binomial ex- 
pansion is only valid for a narrow, low energy range 
at modest values of non-parabolicity. As a result, the 
non-parabolic formulation based on the Kane dis- 
persion relation is only suitable for calculation within 
a narrow energy range. 

In contrast, the power law formulation for the 
energy dispersion relation has a much greater range 
of energy over which it provides a valid description 
of the transport coefficients. This can be attributed 
to the observation that the transport coefficients at 
high energy become non-physical when the binomial 
expansion, Kane dispersion relation, a formulation is 


employed, while in the power law formulation no 
non-physical effects are observed. 

For devices and material systems considered here, 
it is found that the use of the non-parabolic as opposed 
to the parabolic dispersion relation always leads to a 
lower calculated current in both the drift-diffusion 
and hydrodynamic simulations. The calculated carrier 
energy and velocity are similarly lower when the 
non-parabolic model is employed. These variables 
are lower because the non-parabolicity reduces the 
effective mobility and diffusivity of the material, 
thereby lowering the calculated current. 

The relationship between the two non-parabolic 
models, the power law and the a formulation, is some- 
what more complicated. The power law formulation 
predicts smaller current values than the a formulation 
under the drift-diffusion approximation in both silicon 
and GaAs. However, when the full hydrodynamic 
formulation is used, the power law predicts greater 
current than the a formulation, at least at high bias. 
At low bias, the power law predicts a slightly lower 
current than the a formulation. These results can be 
attributed to the behavior of the “effective" mobility, 
since in the ballistic diodes considered here the current 
is dominated by drift effects. When the drift-diffusion 
model is employed, the “effective" mobility (defined 
as the prefactor in front of the electric field term) of 
the power law form is lower than that of the a form, 
leading to a lower calculated current. In contrast! 
when the full hydrodynamic model is employed, the 
effective mobility of the power law form is greater 
than that of the a form, resulting in a larger calculated 
current. The observation of the power law initially 
yielding a lower current at low bias, but yielding a 
higher current at high bias as compared to the a form, 
can be explained as follows. At low bias, the devices 
are close to equilibrium and the carriers are relatively 
cold. Consequently, the system responds as in the 
drift -diffusion case, resulting in a greater current for 
the a case than the power law case. At higher biases, 
the effects of carrier heating are more important, and 
the situation reverses, since the full hydrodynamic 
results dominate the “effective" mobility. 
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SECTION V: 


ACOUSTIC CHARGE TRANSPORT DEVICE 




5.0 Acoustic Charge Transport Device 

We present the figure of the ACT imager architecture here again to clarify how we 
segmented the problem. From the substrate architecture shown it should be noted that the 
photogenerated charge is transferred in the GaAs quantum well sandwiched between two 
AlGaAs layers. Control of mobile carriers is critical to this operation and so we developed a 
layer structure which would be best suited for ACT. An earlier heterostructure ACT approach 
was pioneered by a group at United Technologies with the principal advantage that no biasing 
was required. It turns out, however, that in their initial structure the depletion of the charge 
transport layer depended on the surface state concentration being within a particular range of 
values. We developed a layer structure for which the depletion of the charge transport layer 
would be relatively impervious to the surface state concentration. This will be discussed in detail 
in Section 5.1. One thing that is also something of a problem for ACT devices is the high 
amount of RF power that is typically required for charge transport. This is because GaAs is 
weakly piezoelectric with a value for the piezoelectric coupling, K 2 , of 0.07% which is less than 
that of Quartz. This high RF power causes a number of other problems such as electromigration 
and acoustomigration in the SAW interdigital transducer (IDT) metallization. In addition, the 
need for high acoustic power in the transport channel results in an increased amount of chip real 
estate taken up by the IDT and the reflector behind it. There are several ways in which we 
sought to deal with these problems. One was to investigate the use of a thin film piezoelectric 
layer of Zinc Oxide (ZnO) to be deposited on top of the GaAs ACT device. Due to the much 
higher value of K 2 for ZnO, this dramatically decreases the amount of RF power driving the 
SAW IDT. This work is described in Section 5.2. Another approach we took to solving this 
problem was to investigate SAW acoustoelectric convolvers. With this approach there would be 
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no need for an IDT and the charge transport would be powered by a modest DC Voltage (~2 
Volts) applied to the acoustelectric amplifier and current in the mA range. This work is 

described in Section 5.3. 

It is perhaps at first not so evident but the photodetector array presents an acoustic 
waveguide structure which the SAW will have to propagate through. In order to better 
understand this problem and provide a design methodology we developed the stack matrix theory 
approach for the design of SAW waveguides and this work is described in Section 5.4. This 
technique has been adopted as the industry standard for the design of SAW Waveguide coupled 
resonator filters now used for IF sections of wireless systems. 
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5.1 p-HACT Device Architecture 

In this section we describe the ACT device architecture which we developed to overcome 

some of the manufacturing difficulties associated with the heterostructure ACT architecture. For 

this section of the report we have attached the paper which most extensively describes the work: 

Smith, A.W., Kenney, J.S., Hunt, W.D., Brennan, K.F., Benz, R. and Summers, C.J., 
Theoretical Calculations of Charge Confinement in a pn'np Heterojunction Acoustic 
Charge Transport Device," IEEE Transactions on Electron Devices, vol 42 no 5 dd 
977-990, May 1995. ’ 

The problem that this work addresses can best be understood by looking at Figure 3 of 
the attached paper. From this one can see that the Conduction Bandedge varies considerably for 
HACT devices for only modest variations in the surface state concentration. It is well known 
that the surface state concentration cannot be held to a specific value and that a more effective 
architecture is one for which the devices functions well for a surface state density held below a 
specific value. The problem with the HACT architecture shown in Figure 2 of the paper is that it 
depends on a specific value of surface state concentration being attained. We developed the 
architecture in Figure 4 to be a much better alternative to immunity from surface state 
concentration variations. 
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Theoretical Calculations of Charge 
Confinement in a pn _ np Heterojunction 
Acoustic Charge Transport Device 

Arlynn W. Smith, J. Stevenson Kenney, William D. Hunt, Kevin F. Brennan, 
Senior Member, IEEE, Rudy Benz, and Christopher J. Summers, Member, IEEE 


Abstract — An alternative structure for heterojunction acoustic 
charge transport (HACT) devices has been devised and analyzed. 
The structure uses a pn“np doping profile near the surface 
of the device to create a charge transport layer and provide 
top vertical confinement This is contrary to previous n-type 
HACT structures which rely on residual surface states and a 
heterojunction discontinuity for the same functions. The use of 
the pn'np doping as the channel depletion mechanism makes 
the device insensitive to the residual surface state density, thus 
providing a more robust design. In addition, the use of the 
back np junction enables widening of the transport layer thereby 
increasing the amount of charge that can be transported by the 
acoustic wave. As a result of the increased charge capacity it 
is expected that the pn'np ACT device will exhibit a greater 
dynamic range and current than previous HACT designs. 

The analysis of the device structure is accomplished herein using 
a two dimensional hydrodynamic simulation code, Semiconductor 
Total Energy Balance Simulator in two Dimensions (STEBS-2D), 
which has been modified to account for the potential created 
by the surface acoustic wave. The calculated results indicate 
that an order of magnitude enhancement in charge capacity is 
possible using the new structure. Transfer efficiency calculations 
for several different lifetimes in the transport layer show high 
efficiency values, greater than 7 9’s efficient with a Shockley Read 
Hall lifetime of 10 nsec. 


Nomenclature 


£ r Relative permittivity of semiconductor. 

£ 0 Permittivity of free space, 

q Electronic charge. 

tl> Electrostatic potential, 

p Hole concentration, 

n Electron concentration. 

jsj+ Ionized donar concentration. 

Ionized acceptor concentration. 

Ts^tv Effective doping due to surface acoustic wave, 

t Time. 

„ n Velocity of electrons and holes. 

R,G Recombination and Generation. 
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Electron and hole mobility. 

Boltzmann constant. 

Electron or hole temperatures. 

Conduction band edge (includes bandgap 
narrowing). 

Valance band edge (includes bandgap narrowing). 
Electron affinity. 

Semiconductor band gap. 

Electron and hole effective mass. 

Ratio of Fermi integrals { J^i/ 2 ( 7 7cV-7 r — l/aC^c) ) - 
Reduced energy of the conduction band. 

Ratio of Fermi integrals {^ r i/ 2 (r?u)/^ r -i/ 2 ( T /v)l- 
Reduced energy of the valance band. 


I. Introduction 

H eterojunction acoustic charge transport (hact) 
devices are promising candidates for analog signal pro- 
cessors and rf memories. The HACT device structure is just 
one of the two major forms of acoustic charge transport 
(ACT) devices, bulk and surface types. In bulk ACT struc- 
tures charge is confined in the vertical direction (~5 to 6 
pm deep) using a bias potential created between a reverse- 
biased Schottky barrier and an applied back-gating potential. 
In HACT devices vertical confinement (< 1/im deep) is 
provided by discontinuities in the conduction band edge due 
to material changes. In both HACT and ACT devices lateral 
confinement and charge transport is accomplished using the 
potential created by a surface acoustic wave generated within 
the semiconductor. A schematic diagram of acoustic charge 
transport in a representative HACT structure is shown in Fig. 
1. As can be seen from Fig. 1, the surface acoustic wave 
generated by a transducer on the surface of the semiconductor 
propagates through the structure pushing charge from the input 
contact over some distance for later extraction at an output 
contact. 

The HACT structure offers several important advantages 
over a conventional buried channel ACT. The HACT device 
has less power dissipation, utilizes simpler channel isolation 
techniques, is self-biasing, and enables possible direct inte- 
gration with other planar technologies [1]. These advantages 
are realized due to the shallower depth of confinement for 
the charge packet. Less input power is required because more 
efficient use of the surface acoustic wave (SAW) potential 
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is obtained from the shallower charge confinement. Channel 
isolation can be provided by mesa etching or proton isolation 
which would not be possible at a depth of 5 /zm. However, 
these advantages do not come without some penalty. In the 
conventional HACT (n-HACT) structure, shown in Fig. 2, 
the self-biasing of the device relies on residual surface states 
and veiy critical control of the doping in the layer structure. 
The one dimensional conduction band diagram, without any 
acoustic potential, for three different cases of residual surface 
charge for the n-HACT structure is displayed in Fig. 3, the 
surface charge densities are -1.0 x 10 12 cm”" 2 , -1.5 x 10 12 
cm” 2 , and -5.0 x 10 12 cm" 2 . The fermi level is at zero 
volts. Notice that at the lowest residual surface concentrations 
the channel is modulation doped by the dopants in the top 
AlGaAs layer. At moderate values of surface charge [2] the 
channel is depleted as required. This is the first surface state 
density for which we obtained charge confinement. As the 
surface charge increases the channel becomes more depleted. 
The depth of the depletion region is controlled by the density 
of the surface states and the doping concentration in the layers 
below. The design goal is to have the doping concentration in 
the AlGaAs layer slightly larger than the fixed surface charge 
[1]. Once the surface states have been satisfied this will then 
provide a small amount of mobile charge for transport [1]. A 
major problem is that the resulting value of surface charge 
is not known apriori i.e., different processing conditions or 
even different atmospheric conditions could change the final 
residual surface concentration. 

Small variations in the doping concentrations within the 
layers can also upset the delicate charge balancing with the 
surface state density. Any of these deviations from perfect 
balance can cause large variations in the device performance. 
Relying on surface charge to deplete the channel layer also 
introduces a limit on the width of the transport layer, the 
surface charge acts over a small distance unless the material 
is lightly doped. A smaller transport layer thickness limits the 
charge capacity of the acoustic wave packet thereby decreasing 
the dynamic range of the device. Therefore, a need exists for 
a HACT device design which is insensitive to the residual 
surface states and has performance characteristics comparable 


IEEE TRANSACTIONS ON ELECTRON DEVICES. VOL. 42. NO. 5, MAY 1995 


20 nm 

GaAs 

N-typa NID 

70 nm 

AlGaAs with 30% Aluminum 

N-type 2.0e17 
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100 nm 

AlGaAs with 30% Aluminum 

N-type NID 


GaAs Substrata 

N-type NID 


Fig. 2. Epitaxial layer structure of a conventional n-type hcterojunciion 
acoustic charge transport device (n-HACT). 



Fig. 3. One dimensional conduction band diagrams of the n-lype HACT 
device with three different residual surface state concentrations, no acoustic 
potential. 


to or greater than the current HACT structures which rely 
on the surface states and have limited channel widths. A 
structure which utilizes a pn junction at the surface to isolate 
the channel from surface states was proposed in reference [3]. 
However, the structure was never analyzed to determine the 
necessary doping profiles or the device characteristics. The 
structure proposed in this paper is an extension of the pn 
HACT configuration first described in reference [3]. 

The purpose of this paper is to introduce and analyze 
an alternative HACT structure, hereafter called p-HACT, 
which is relatively insensitive to changes in residual surface 
concentration and to fluctuations in the doping concentration 
of the epitaxial layers. The proposed device structure utilizes 
a pn junction at the front surface to provide isolation from the 
surface charge and to create the top vertical confinement. A 
lightly doped n-type channel layer is then separated from the 
substrate by a p-type AlGaAs layer. The p-type AlGaAs serves 
two purposes: First, the band edge discontinuity provides 
the bottom part of the vertical confinement. Second, the p- 
type doping serves to complete the depletion of the transport 
layer. By using dopants to deplete the transport layer, channel 
thicknesses an order of magnitude larger than those obtained 
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Fig. 4. Epilaxia! layer structure of the alternative p-type heterojunction 
acoustic charge transport device (p-HACT). 

in current HACT devices can be achieved, sensitivity to the 
surface states is reduced, and processing variations can be 
avoided. 

The remainder of the paper will discuss the two dimen- 
sional device simulation code. Semiconductor Total Energy 
Balance Simulator in two Dimensions (STEBS-2D), used for 
modeling the performance of the HACT structures. The charge 
packet size and shape for the two different HACT designs at 
one specific acoustic power level will then be compared for 
three different residual surface charge concentrations. Finally, 
transient simulations using several values of carrier lifetime in 
the channel layer provide a measure of the maximum charge 
transfer efficiency of the proposed structure. 

II. Device Design 

The layer structure and doping concentrations in the new 
p-type HACT, hereafter referred to as p-HACT, is shown in 
Fig. 4 . The design consists of a top layer of p-type GaAs 
doped to 2.15 x 10 17 cm " 3 with a thickness of 50 nm, 50 
nm n-type GaAs doped to 1.85 x 10 17 cm " 3 follows the cap 
layer. The channel layer is 300 nm of n-type GaAs doped to 
1.0 x 10 15 cm -3 . The bottom vertical confinement layer is 
100 nm of p-type Alo. 3 Gao. 7 As with a doping concentration 
of 1.0xl0 lG cm -3 . The substrate is n-type GaAs doped at 5.0 
x 10 15 cm" 3 . Alternatively a 2 fim GaAs buffer layer of the 
same doping concentration on a semi-insulating substrate can 
be used. The one dimensional conduction band diagram of 
the p-HACT, without the superimposed acoustic potential, for 
three different residual surface state concentrations is shown in 
Fig. 5, the surface state densities are - 5.0 x 10 11 cm" 2 , - 1.0 
x 10 12 cm" 2 , and - 5.0 x 10 12 cm -2 which differ from those 
used in the n-HACT simulation. Comparing Figs. 3 and 5 it is 
immediately apparent that the p-HACT structure is much less 
sensitive to fluctuations in the top surface charge; the band 
diagram does not change as the surface charge varies. Also 
note that the width of the transport layer has been increased 
by almost an order of magnitude, from 40 nm to 300 nm. 

The maximum doping concentration in the two HACT 
structures is approximately the same for several reasons. First, 
it was found that when the doping concentrations in the first 
two layers was reduced the p-HACT became more sensitive 
to the surface state density. Similar behavior occurs for the 
n-HACT structure. Since the design goal is to produce a 
device insensitive to the surface state concentration, the doping 
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Fig. 5. One dimensional conduction band diagrams of the p-HACT device 
with three different residual surface state concentrations, no acoustic potential. 



Distance from Surface (microns) 

Fig. 6. Magnitude of the acoustic potential in the n-HACT and p-HACT 
structures, the transport channels are located between the origin and the 
vertical line. Two different boundary conditions are displayed; a free surface 
boundary condition and a shorted (metallized) boundary condition. 

concentrations in the top layers must remain fairly high. 
However, the doping concentration in these layers can not be 
increased to arbitrarily high values in either structure owing to 
the fact that the top surface of the HACT structure can not be 
highly conductive [1]. A highly conductive surface, such as a 
metal or highly doped semiconductor, will short out the surface 
acoustic wave propagating in the underlying semiconductor. 
This will be discussed at length in the next section. In the 
case of the n-HACT structure the doping concentration in the 
AlGaAs cap layer can not be raised too high because the layer 
will begin modulation doping the transport layer, similar to a 
HEMT. As the number of carriers increases in the channel due 
to the modulation doping the acoustic wave will be damped 
out, the perturbation due to the displacement charge from the 
surface acoustic wave will become too small compared to 
the background carrier concentration. In the p-HACT device, 
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high doping creates a very strongly depleted channel but the 
perturbation due to the acoustic wave is not great enough to 
cause significant lateral confinement. For this case the heavy 
doping strongly pins the energy bands in the channel region. 

III. Model Description 

The ability to model the HACT structure depends upon 
the assumption that the acoustic properties of the material 
can be treated as a perturbation to the electrical properties 
under specific conditions. The SAW potential is converted 
to an effective doping concentration and superimposed on 
the background concentration of the structure. This is more 
realistic than superimposing the SAW potential directly on the 
device potential because at the surface and deep within the 
substrate the SAW contributes little to the overall potential. 



Fig. 7. Maximum value of the displacement charge created by the acoustic 
wave as a function of depth into the p-HACT structure. The discontinuities 
arc caused by abrupt changes in material permittivity. 


A. Electrical Model 

The fundamental basis of our model is a two dimensional 
hydrodynamic device simulation code, STEBS-2D [4]. For 
the simulations presented here, the lattice temperature effects 
and electronic heat transfer have been neglected. The resulting 
partial differential equations describing the system and solved 
within the context of the hydrodynamic simulator are 

V(£ r VV>) = f (p - n + N+ - N~ + T s aw ) ( 1 ) 

Co 

+ V • (m^„) = -i? + G (2) 

j + V • (P^p) = -R+G (3) 


and recombination centers were assumed to be negligible at 
the material discontinuities. Equations (1H5), along with the 
appropriate boundary conditions for the device domain, are 
solved for the three fundamental variables tp. n, and p. 

In the simulations presented here four different boundary 
conditions are needed. The first is a grounded ohmic contact 
[8] at the back surface of the device. The second type of 
boundary condition is the symmetry boundary condition [8]. 
This is applied on both lateral sides of the simulation domain. 
This choice of boundary conditions will be explained further 
in the next section on modeling the acoustic wave. On the top 
surface two different types of boundary conditions are used. In 
the one dimensional simulations without the surface acoustic 
wave, Figs. 3 and 5, a free surface boundary condition is 
employed for the electrostatic potential. Its mathematical form 
is 


nv n = p n | -k b T e A c Vn 4- nX?(t c - x) + -nk b T c A c 


(4) 


(see (5) shown at the top of the page.) 

Equation (1) is Poisson’s equation for the potential and in- 
cludes the effective doping from the surface acoustic wave, 
r s au/» as will be described. Equations (2) and (3) are the 
electron and hole current continuity equations. The electron 
and hole flux equations are given in (4) and (5). On the right 
hand side of (2) and (3), the generation/recombination terms (R 
and G) account for band to band. Auger, and Shockley-Read- 
Hall (SRH) recombination. The partial differential equations 
are discretized using the control volume method as described 
in [4], [5]. All material parameters i.e. bandgap, mobility, den- 
sity of states, recombination parameters are determined using 
the formulas stated in PC-1D [6]. In addition, a thermionic- 
field emission boundary condition [7] for the currents is 
implemented at each material discontinuity. Interface states 


d%h 

t-SCTTli 


— Qint 


(6) 


The parameter e sem i is the semiconductor permittivity and 
Q inf is the surface charge density and varies in the range -5 x 
10 u to -5 x 10 12 cm” 2 . This range of surface charge density 
corresponds to approximately 1 % of the dangling bonds being 
charged. Even though the SAW is expected to alter the surface 
state occupancy (Qmt)» this has been neglected in the model 
due to the lack of information concerning the charged state 
profile. The boundary conditions for the carrier concentrations 
depend upon satisfying the continuity equations at the surface 
with respect to the surface recombination rate as. 


S^Spfnp — nj) , 

J n - -qRaurf = ”9 SnCn+niV-fSpCp+p!) * 


r> S n S p (np— nj) ~ f , 

J p — qR 9U rf = ^SnCn+nO+SpCp+p!) * 


( 7 ) 
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(b) 

Fig. 8. Two dimensional conduction band diagrams for the (a) n-HACT 
structure, and (b) p-HACT structure with an applied surface acoustic wave. 
Only the epitaxial layer are displayed in each case. 

In the one dimensional simulations the value of the surface 
recombination rates (R„ U r/) used in (7) has been set to 
zero. Setting R, lir / to zero is justified because the surface 
is not driven out of equilibrium. Therefore np = n? and no 
matter what the actual surface recombination velocities are 
the surface recombination rate evaluates to zero [8]. These 
one dimensional simulations then provided the value of the 
fermi level with respect to the intrinsic level which was used 
in the two dimensional simulations. 

In the two dimensional simulations with the SAW the free 
surface boundary conditions given by (6) and (7) in the 


one dimensional case could be used with the modification 
that an extra term accounting for the acoustic displacement 
charge is added to (6). This is only done in the case of 
the n-HACT structure at the lowest residual surface state 
concentration. At the other surface state concentrations in the 
n-HACT structure and at all surface state concentrations in 
the p-HACT structure the free surface boundary condition 
is replaced by a pinned fermi level boundary condition. The 
value of the fermi level is fixed to the value calculated from 
the one dimensional simulation with the fixed surface charge. 
The use of either the free surface with charge boundary 
condition or the pinned fermi level boundary condition in 
these cases results in the same potential profile. The similar 
potential profile occurs because the SAW displacement charge 
is a very minor perturbation compared to the fixed surface 
states, only changing the fermi level by ~l.O x 10~ J volts. 
Even in the n-HACT structure at the lowest surface state 
concentration and a modified free surface condition of (6) 
with the acoustic displacement, the potential profile within the 
channel is unchanged from that obtained with a fixed fermi 
level at the surface. However, the pinned fermi level boundary 
condition tends to speed the convergence of the solution. 

The simulation domain is nonuniformly discretized using 
rectangular control volumes. The node placement is performed 
adaptively during the equilibrium portion of the simulation. 
The adaptive gridding depends upon the change in potential, 
changes in material types or boundary conditions, and fluc- 
tuations in the doping concentrations. Generally the adaptive 
gridding results in a mesh consisting of approximately 107 
x 41 points. The system of equations is linearized using 
Newton’s method. The resulting system is solved using an 
iterative approach known as the conjugate gradient squared 
and stabilized method [9]. The code for this accelerator was 
added to the NSPCG library for the solution of nonsymmetric 
systems of equations [10]. 

B. Modeling the Surface Acoustic Wave 

As previously stated the acoustic wave potential provides 
lateral confinement and transports the charge. To utilize the 
maximum coupling coefficient between the mechanical and 
electrical components of the SAW power a wave propagating 
in the <1 10> direction on a [100] crystal structure is simulated. 
The SAW potential is calculated for the layer structures 
by the technique described in reference [11]. The resulting 
normalized potential as a function of distance from the surface 
for the p-HACT structure supporting a SAW with a power 
intensity of 1 mWatt/A is depicted in Fig. 6. The magnitude of 
the SAW potential for two different surface conditions, a free 
surface and a metallized surface, are displayed. Notice that the 
SAW potential is completely shorted out at the surface for the 
metallized device while the SAW potential maximum occurs 
at the surface in the free surface structure. Fig. 6 can be used 
to explain why a highly conductive surface can not be used in 
the HACT structure, as mentioned above. The location of both 
the n-HACT and p-HACT channels lie between the origin and 
the vertical line in Fig. 6. The channels are located very close 
to the surface to take advantage of the high magnitude of the 
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Fig. 9. Equi-energy contour plots of the n-HACT structure with an applied surface acoustic wave and three different residual surface state concentrations: 
(a) — 1.0 x 10 12 cm" 2 , (b) —1.5 x 10 12 cm” 2 . 


SAW potential present in the free surface case. As the front 
surface doping concentration increases, the surface becomes 
conductive and the maximum magnitude of the SAW potential 


decreases in the immediate vicinity of the surface. Therefore, 
in the highly conductive surface device the SAW potential is 
insufficient near the surface to effectively transport charge. 
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(c) 


Fig. 9. <c) -5.0 x 10'-’ cm' 


As staled in Section III.B. the acoustic wave is modeled 
as a perturbation to the impurity doping density in Poisson's 
equation. The magnitude of the displacement charge resulting 
from the acoustic wave is obtained by the Laplacian of 
the wave potential and modulated by a sinusoidally varying 
function 1121 


»«(t. !)J) ~ P a - 


h (*r) 


0 2 <t>* a w {x) 


Ox 2 


cos {ky — u>t) 

( 8 ) 


The factor P, in (8) is a power scaling factor, indicating the 
SAW potential at the surface under free surface conditions, 
while k is the wave number of the acoustic wave. Fig. 7 
depicts the maximum displacement charge, rs.Au( x -y>0. in 
the p-HACT structure for an acoustic wavelength of 10 pm, a 
P„ of 4 1 12], and a free surface boundary condition. Contrary 
to the smooth behavior of the displacement charge in the case 
of bulk ACT devices the displacement charge in the HACT 
case shows discontinuities due to the abrupt changes in the 
permittivity of the constituent material. 

In the calculations presented below only one wavelength of 
the SAW will be simulated. The beginning and ending points 
arc chosen at the potential minimums, thus creating a potential 
well to coniine the electrons in the middle of the simulation 
domain. Provided the injected electrons do not greatly effect 
the shape of the SAW the choice of a symmetry boundary 
condition in the lateral directions can be justified. 


C. Comparison with Previous Models 

Several numerical models have been reported to simulate 
charge injection in bulk ACT devices [12]-[15]. One of the 


major aims of this work is to analyze the HACT structures 
so only a limited comparison of our model to previous ACT 
models is appropriate. The earlier bulk ACT models neglect 
the hole contribution to the solution. This implies that no 
carrier recombination takes place, and therefore the charge 
transfer efficiency would always be calculated to be unity. 
Our model enables a more realistic calculation of the charge 
transfer efficiency by including the hole transport equation to 
simulate recombination. Previous ACT models were concerned 
with simulating the injection process between the input ohmic 
contact on the surface and the acoustic transport channel in 
the bulk of the device. In the model presented here the desired 
amount of charge is added at a specific location very close to 
the surface in a very small time step (1 psec). Then two small 
time steps are sequentially performed allowing the charge to 
distribute itself within the SAW’s well. The time steps used 
in the simulation are 0.1 and 0.5 nsec. After 0.6 nsec elapses 
the injected charge is then in steady state with the acoustic 
potential. Next the time steps are increased to calculate the 
charge transfer efficiency. 

Simulation of an n-HACT structure has been reported by 
researchers at United Technologies Research Center (UTRC) 
[2], [16]. As in the case of the bulk ACT models the hole 
equation was removed from the UTRC solution domain. The 
charge injection in the UTRC model is similar to the method 
of injection adopted here. A major difference between the two 
models is the UTRC model uses top and bottom ground planes 
as boundary conditions for the top and bottom of the device. 
It is in these planes that image charge created by the injected 
electrons will reside. Using the model presented here, which 
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Fig. 10. Equi-energy contour plots of the p-HACT structure with an applied surface acoustic wave and three different residual surface state concentrations: 
(a) —5.0 x 10 11 cm' 2 , (b) —1.0 x 10 l2 cm -2 . 


does not use ground planes, it will be shown that the image heterojunction. Another major difference is in the calculation 
charge actually resides in the substrate just below the bottom of the displacement charge. The UTRC model used a simple 
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Rc. 1 1. Electron packet shape for the p-HACT structure with an applied 
surface acoustic wave and 10° elcctrons/cm injected into the transport channel 
The loss of electrons from 0.6 to 0.8 //m deep is the image charge created 
by the injected electrons. 

expression for the displacement charge in the HACT channel. 

r. au ,(x,t/,f) = "( 4 ^) * 2 {<l>ocos(ky - ut)) (9) 

where the constant <t> 0 was set to 1. In the model presented 
here, which uses (8), the value of the power parameter. P„ 
would need to be set to an unusually high number as compared 
to that given in [12) to obtain the same potential profile as 
shown in [16]. The UTRC model and the model presented 



Fig. 12. Electron packet shape for the n-HACT structure with an applied 
surface acouslic wave, a residual surface stale concentration of -1.0 x 
I0 12 cm”" 2 , and an injected carrier concentration of 5 x 10” elcctrons/cm. 


in this work both ignore the synchronous field created by the 
constant velocity of the SAW in the propagation direction [1]. 

IV. Application to h-Hact and p-Hact Devices 

The one dimensional simulations. Figs. 3 and 5, depict 
the conduction band without any acoustic potential. These 
figures serve to highlight the effect of the surface state 
density for both the n-HACT and p-HACT structures. In 
this section these structures are simulated in two dimensions 
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(b) 

Fig. 13. Electron packet shape for the n-HACT structure with an applied 
surface acoustic wave, a residual surface state concentration of —1.5 x 
10 l2 cm~ 2 , and two injected carrier concentrations: (a) 1.0 x 10 7 elec- 
trons/cm and (b) 5.0 x 10' electrons/cm. Notice the spreading in the case 
of 5. x 10' electrons/cm. 

with a superimposed SAW potential and injected charge to 
determine their charge capacity and charge transfer efficiency. 
The acoustic wave simulated has a wavelength of 10 /tm, a 
frequency of 287.75 MHz, which leads to an acoustic velocity 
of 2877.5 m/sec. 

Fig. S(a) and (b) show energy surface plots of the steady 
state conduction band for the n-HACT and p-HACT structures 
with a surface state density of -1.5 x 10 12 cm -2 and -1.0 
x 10 12 cm" 2 respectively. The power scaling factor, P S) for 
both structures was 4. These figures are useful for illustrating 
the potential well created by the SAW potential. Hereafter, the 
conduction band will be illustrated by using contour plots of 
the energy surface. Comparison of Fig. 8(a) and (b) shows 
that the well created in the p-HACT structure (Fig. 8(b) is 
approximately an order of magnitude larger than the n-HACT 
structure. In the n-HACT structure the top and bottom vertical 
confinement is provided by the two heterojunction barriers. 
As previously described, the top vertical confinement in the 
p-HACT structure is provided by the pn junction, with no 



(b) 


Fig. 14. Electron packet shape for the n-HACT structure with an applied 
surface acoustic wave, a residual surface state concentration of —5.0 x 
10 12 cm~ 2 . and two injected carrier concentrations: (a) 5.0 x 10 7 elcc- 
trons/cm and (b) 1.0 x 10* clcctrons/cm. 

abrupt change in the conduction band, and the bottom vertical 
confinement is formed by the heterojunction discontinuity. 

Fig. 9(a)-(c) show the equi-energy contour levels for the 
n-HACT structure with a P s factor of 4 and surface state 
concentrations of -1 x 10 12 , -1.5 x 10 12 , and -5.0 x 10 12 
cm” 2 . The values of the lateral barrier created by the SAW 
and the value of the pinned fermi level at the front surface are 
given in Table I. Note that there exists only a very little lateral 
potential barrier at a surface concentration of -1.0 x 10“ 12 
cm -2 . The value of the pinned fermi level in Table I for the n- 
HACT structure demonstrates again this structure’s sensitivity 
to the surface state density. At a residual concentration of — 1.0 
x 10“ 12 cm” 2 the level is 0.0895 eV, both the cap layer and 
channel layer are modulation doped by the AlGaAs. However, 
at residual concentration of -1.5 x 10” 12 cm -2 the level has 
dropped to —0.684 eV and the cap layer is now depleted. 
The steady state conduction band contours for the p-HACT 
structure with surface concentrations of —5 x 10 11 , -1.0 x 
10 12 , and —5.0 x 10 12 cm” 2 are displayed in Fig. 10(a)-(c). 
As in the case of the n-HACT structures the P 5 value was 
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(C) 

Fig 15. Electron packet shape for the p-HACT structure with an applied 
surface acoustic wave, a residual surface state concentration of -1.0 x 
lO'-’cm - -’ and three injected carrier concentrations: (a) 1.0 x 10' elcc- 
trons/cm (b) 5 0 x 10 7 electrons/cm. and (c) 1.0 x 10 s electrons/cm. Notice 
the spreading in the case of 1.0 x 10* electrons/cm is much less than in the 
n-HACT structure Fig. 14. 


TABLE t 


j tvRACT structure 


Surface States (cm'*) 

-1.0x10” 

.I_5xt0 u 

-S.OxlO 11 

Pinned Fermi Level (eV) 

0.0895 

-0.6837 

-0.8140 

Lateral Barrier al Top of 
Gunnel (KT) 

037 

7.51 

10.09 

Lateral Barrier at Bottom 
of Channel (KT) 

1.64 

. 

9.83 



1330 





| p-HACT structure 


Surface Stales (cm-*) 

-5.0x10" 

-1.0xl0 n 

-5.0x10" 

Pinned Fermi Level (eV) 

-0.6953 

-0.7254 

-0.8243 

Lateral Barrier si Top of 
Channel (KT) 

8.02 

7.92 

7.80 

Lateral Barrier at Bottom 
of Channel (KT) 

16.68 

16.66 

16.64 


set to 4 and values of lateral barrier and pinned ferrni level 
are listed in Table I. As seen from Fig. 10 and the values of 
the lateral barrier in Table I the surface concentration does 
not significantly change the shape of the potential well in the 
p-HACT structure. 

To determine the maximum charge capacity of the potential 
well excess electrons are injected into the channel at the 
conduction band minimum. The structures are simulated until 
the electrons reach steady state with the acoustic potential. 
The number of injected electrons is increased until it appears 
that the electrons are not being confined within a single 
wavelength. Fig. 1 1 is an example of the electron charge packet 
shape when 10 6 electrons/cm are injected into the middle of 
the simulation domain for the p-HACT structure. To determine 
the electron packet shape the electron density simulated at 
steady state was subtracted from the electron density sim- 
ulated 0.6 nanoseconds after the charge was injected. The 
0.6 nanoseconds is required for the electrons which are only 
injected at the middle to attain a steady state condition with 
the acoustic potential. Notice that the electrons are confined to 
the center of the simulation domain, which is the lowest part 
of the conduction band in Fig. 10. The width of the packet 
is approximately 2 /rm wide in the propagation direction. As 
will be seen in the figures to be presented the width of the 
packet increases as the amount of injected charge increases. 
Also note in Fig. 11 that an image charge, i.e. removal of 
electrons, has been created in the substrate just below the 
confining heterojunction. This image charge will not be plotted 
in later figures, but the reader should be aware that it exists. 

Fig. 12 shows the electron packet shape for 
5x 10 6 electrons/cm injected into the n-HACT structure 
with the lowest residual surface state concentration. The 
electrons are not confined to the middle of the simulation 
domain, but spread over the channel along the propagation 
direction. This indicates that this structure has exceeded 
its maximum capacity for SAW transport; there is no 
confinement in the propagation direction. Fig. 13 depicts 
the electron packet shape for the n-HACT structure with a 
residual surface state concentration of —1.5 x 10 1_ cm lor 
two injected electron concentrations. Fig. 13 a is for a packet 
of 10 7 electrons/cm. This is the maximum amount predicted 
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Simulation Time (fisec) 

Fig. 16. Fraction of packet electrons remaining as a function of elapsed time in the p-HACT structure for three different values of SRH lifetime: 
l //sec. 10 nsec, and 0.1 nsec. 


by the UTRC model for this structure. When the injected 
electron concentration is increased to 5 x 10 7 electrons/cm, 
Fig. 13(b), there is spreading of the packet over the entire 
simulation domain, indicating that the maximum capacity 
has been exceeded. Note that unlike the UTRC model the 
lack of confinement is due to the SAW potential not the 
heterojunction barrier. Fig. 14 displays the electron packet 
shape for the n-HACT structure with the highest residual 
surface state concentration. In this case the electron packet 
does not spread until the injected concentration reaches 10 8 
electrons/cm. Comparison of Figs. 13 and 14 shows that 
excess surface charge can lead to a small increase in the 
maximum charge capacity of the wells 
The electron packet shape obtained using the p-HACT 
structure with a residual surface state concentration of - 1 .0 x 
10 12 cm" 2 and three different injected electron concentrations 
is shown in Fig. 15. For an injected electron concentration 
of 10 7 electrons/cm. Fig. 15(a), the packet is confined within 
5 fim of the simulation domain. Fig. 15(b) shows the packet 
confinement when 5 x 10 7 electrons/cm are injected, even 
at 10 8 electrons/cm, Fig. 15(c), the packet is still fairly well 
confined to the simulation domain. Due to the similarities in 
the characteristics of the p-HACT structure at other residual 
surface state densities charge packet shapes at other surface 
state concentrations will not be presented. Simulations at 
surface state densities of 1.0 x 10 11 and 1.0 x 10 13 cm -2 
also show similar insensitivity. Comparison of Figs. 13 and 
15 shows that due to the larger channel thickness in the p- 
HACT structure the peak electron concentration density is 
approximately half of that obtained in the n-HACT structure 
for the same injected carrier concentration. These figures also 
show that for approximately the same surface concentration 
the p-HACT has a charge capacity which is nearly an order of 
magnitude higher than the n-HACT structure. The maximum 
charge capacity for the p-HACT structure is approximately the 
same as the n-HACT structure with a high residual surface 



SRH Lifetime (^sec) 


Fig. 17. Number of 9*s in the charge transfer efficiency as a function of 
the value of the SRH lifetime in the channel region of the p-HACT device 
structure. 

concentration, as can be seen from a comparison of Figs. 14 
and 15. 

To determine the maximum charge transfer efficiency of 
the p-HACT structure electrons are injected into the channel 
layer in the same manner as for the packet shape calculations. 
The structure is simulated for ~1000 wavelengths, 4 //sec, at 
different time intervals. The amount of electrons remaining in 
the packet was recorded to determine the transfer efficiency. 
The fraction of electrons remaining in the packet as a function 
of time is shown in Fig. 16 for three different values of 
SRH lifetime in the channel layer. At high SRH lifetimes 
the fraction of remaining electrons is very close to unity, 
indicating excellent charge transfer efficiency. The calculated 
charge transfer efficiency, given by the number of 9’s in 
efficiency, as a function of SRH lifetime is given in Fig. 17. 
For a SRH lifetime of 0.1 nsec the structure has 5 9’s transfer 
efficiency and increases to 8 9’s for 1 /xsec lifetime. However, 
this analysis does not include any interface recombination at 
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the heterojunction nor does it account for slow traps in the 
channel layer. Both of these effects will act to lower the charge 
transfer efficiency. 

v. Conclusions 

An alternative HACT structure which uses a pn“np doping 
profile to deplete the transport layer and isolate the channel 
from the residual surface states has been analyzed. The pn“np 
doping also leads to an increase in the channel thickness. 
The p-HACT structure is insensitive to the residual surface 
state density over two orders of magnitude. Charge capacity 
simulations show that the p-HACT structure is capable of 
nearly an order of magnitude improvement in electron capacity 
over the n-HACT structure at nearly the same residual surface 
concentration. Simulations also show that the charge transfer 
is 5 to 8 9’s efficient if the recombination is limited by SRH 
lifetimes in the range of 0.1 nsec to 1 /isec. The p-HACT 
structure described in this paper has not been fully optimized, 
further calculations reveal that the doping in the first n-type 
layer may need to be reduced. 

References 


Arlynn W. Smith received the B.S. degree in ceramic engineering from 
Alfred University, Homell, NY, in 1984, the M.S. degree from the Georgia 
Institute of Technology, Atlanta. GA. in 1987, and the Ph.D. degree in 
electrical engineering from Georgia Tech in 1992. 

From 1992 to 1993, he held a post-doctoral fellowship at the Georgia Tech 
Research Institute, where he developed a three-dimensional simulation code 
for modelling the chemical vapor infiltration of ceramic matrix composites. 
Currently, he is performing a post-doctoral research program with the mi- 
croelectronics research center at Georgia Tech, developing a hydrodynamic 
simulation code of heterojunction acoustic charge transport devices, charge 
transport devices, and avalanche photodiodes. 


J. Stevenson Kenney was bom in St. Louis, MO, in 1962. He received the 
B.S. in electrical engineering in 1985, and the M.S. in electrical engineering in 
1990, both from the Georgia Institute of Technology, Atlanta, GA. He is cur- 
rently enrolled at Georgia Tech, pursuing the Ph.D. in electrical engineering. 

He has over seven years of industry experience in microwave circuit and 
subsystem design, and has been employed by Electromagnetic Sciences, Inc., 
Scientific Atlanta and SPC Electronics America, Inc., all of Norcross, GA. He 
is currently employed by Pacific Monolithics, Inc., Sunnyvale, CA. 

He has served on the steering for the 1993 International Microwave 
Symposium and received the Best Student Paper at the 1993 IEEE MTT-S 
International Microwave Symposium. 


[I] R. L. Miller, C. E. Nothnick. and D. S. Bailey, " Acoustic Charge 
Transport*. Device Technology and Applications,” Artech House. Inc. 
Norwood. MA, 1992. 

121 G. A. Peterson, B. J. McCanin. W. J. Tanski. and R. E. LaBarrc, "Charge 
confinement in hctcrojunction acoustic charge transport devices, Appl. 
Phvs. Lett ., vol. 55, pp. 1330-1332. 1989. 

[3] T/W. Grudkowski, R. N. Sacks, "HACT structure with reduced surface 
state effects," U.S. Patent #5264717, 1993. 

(41 A. W. Smith. "Light confinement and hydrodynamic modeling of 
semiconductor structures by volumetic techniques," Ph.D. Dissertation, 
Georgia Institute of Technology, 1992. 

|5] S. V. Paniankar, "Numerical Heat Transfer and Fluid Flow,” Hemisphere 
Publishing Corp., New York, NY, 1980. 

[61 P. A. Basore, "PC- ID installation manual and user’s guide version 3.0, 
Sandia National Laboratories, Albuquerque, NM, 1991. 

(71 K. Horio and H. Yanai, "Numerical modeling of heterojunctions using 
thermionic emission current at the hctcrojunction interface," in Proc . 
of the 6th Inter. NASECODE Conf , pp. 390-395, Dublin, Ireland, July 

11-14. 1989. . „ 

[8] S. Selberherr, "Analysis and Simulation of Semiconductor Devices, 
Springer- Vcrlag, Wien, New York, 1984. 

[9J P. Chin and P. A. Forsyth, "A comparison of GMRES and CGSTAB 
accelerations for incompressible Navier-Stokes problems, J. Comp . and 
Appl. Math., vol. 46, pp. 4 1 5 — 426, 1993. 

(101 T. C. Oppe, W. D. Joubert, and D. R. Kincaid, "An overview of NSPCG: 
a nonsymmetric preconditioned conjugate gradient package," Computer 
Physics Communications , vol. 53, pp. 283-293, 1989. 

[II] Y. Kim and W. D. Hunt, "Acoustic fields and velocities for surface- 
acoustic-wave propagation in multilayered structures: An extension 
of the Laguerre polynomial approach," J. Appl. Phys ., vol. 68, pp. 
4993—1397, 1990. 

[121 E. G. Bogus, "Electrical charge injection in an acoustic charge transport 
device,** Ph.D. dissertation. University of Illinois at Urbana-Champaign, 
1987 

[131 E. G- Bogus, M. J. Hoskins, and B. J. Hunsinger, "Numerical model 
for electrical charge injection in the acoustic charge -transport device," 
IEEE Trans. Electron Devices . vol. 38, pp. 822-830, 1991. 

[141 S. M. Knapp, J. J. Liou, and D. C. Malocha, "Modeling the charge 
injection process in acoustic charge transport devices," IEEE Ultrasonics 
Syntp. Proc., pp. 223-227, 1989. 

1151 S. M. Knapp, D. C. Malocha and J. J. Liou. "A simplified and efficient 
numerical model for charge injection in acoustic charge transport 
devices.** IEEE Trans. Electron Devices , vol. 39, pp. 1811-1820, 1992. 

(161 W. J. Tanski, D. E. Cullen, S. W. Merritt, R. N. Sacks, and G. 
A. Peterson, "Hctcrojunction acoustic charge transport devices for 
electronic warfare applications," Final Contractor Report to Air Force 
Aeronautical Laboratories #AFWAL-TR-88-1073, 1988. 



William D, Hunt was bom in Jackson. MS, on 
December 21. 1954. He received the B.S. in 1976 
from the University of Alabama. Tuscaloosa. AL, 
the M.S. from the Massachusetts Institute of Tech- 
nology, Cambridge, MA, in 1980 and the Ph.D. 
from the University of Illinois at Champaign-Urbana 
i8n 1987, all in electrical engineering. 

He worked for the Harris Corporation from 1976 
to 1978, and for Bolt Beranck and Newman from 
1980 to 1984. He joined the faculty of Georgia 
Tech in 1987, where he is currently an Associate 


Professor. He was a Rhodes Scholar Finalist in 1975, received a DuPont 
Young Faculty Award in 1988 and was named an NSF Presidential Young 
Investigator in 1989. In addition, he has been selected for Who’s Who in the 
South and Southwest and Who’s Who in American Education and was named 
as one of the 1994 Distinguished Engineering Fellows by the University of 
Alabama College of Engineering. 

His research interests include SAW and ACT devices, as well as transducers 
for biomedical ultrasound. 


Kevin F. Brennan (S’84-M'84-SM’90) received 
the B.S. degree in physics from the Massachu- 
setts Institute of Technology, Cambridge. MA, in 
1978, and the M.S. degrees in physics and the 
Ph.D. degree in electrical engineering in 1980 and 
1984, respectively, from the University of Illinois at 
Urbana-Champaign. 

He is currently a Professor of Electrical and 
Computer Engineering at the Georgia Institute of 
Technology. Atlanta. GA. His current research in- 
terests include the theory and modeling ol avalanche 
devices and confined state photomultipliers, the physics of impact ionization, 
nonlinear transport effects in semiconductors and hctcrostructures. plasmons 
in semiconductors, and the theory and modeling of acoustic charge transport 
devices. 

Dr. Brennan was awarded a Presidential Young Investigator Award through 
the National Science Foundation in 1988. 




990 


IEEE TRANSACTIONS ON ELECTRON DEVICES. VOL 42. NO. 5. MAY 1995 


Rudy Benz was bom in Detroit, ML on February 22, 1962. He received the 
B.S. degree with honors in engineering science from the Pennsylvania State 
University, University Park, PA, in 1984, and the M.S. and Ph.D. degrees in 
physics from the Georgia Institute of Technology, Atlanta, GA. in 1988 and 
1992, respectively. 

He is currently a research scientist at the Georgia Tech Research Institute. 
His research interests include the growth and characterization of II-VI and III- 
V semiconductors by molecular beam epitaxy, the surface kinetics of epitaxial 
growth, and the application of GaAs charge transfer devices to solid state 
imager applications. 


Christopher J. Summers (M'82) was bom in Oxford, England, on August 
3, 1940. He received the B.S. and Ph.D. degrees in physics from Reading 
University, Reading, England, in 1962 and 1966, respectively. 

After holding postdoctoral fellowship positions at Reading University and 
Bell telephone Laboratories, he joined GTE Laboratories in 1970 as a member 
of the technical staff. In 1972, he moved to McDonnell Douglas Research 
Laboratories, where he became a Research Staff Scientist. He joined the 
Georgia Tech Research Institute, Atlanta, GA, in 1981 and is currently a GTRI 
Fellow and Chief of the Quantum Microstructures Branch. His current research 
interests include optoelectronic properties of heterostructures, molecular beam 
epitaxy of II-IV and HI-V semiconductors, and the growth and characterization 
of phosphor materials. 


5.2: ZnO Films for ACT Devices 

Here we present the work that we performed to ultimately reduce the RF power 

consumption of ACT devices. We have attached two papers which describes this work: 

Kim, Y. and Hunt, W. D., "An analysis of surface acoustic wave propagation in a 
piezoelectric film over a GaAs/AlGaAs heterostructure," Journal of Applied Physics, 
vol. 71, no. 5, pp. 2136-2142, March 1992. 

Kim, Y., Hunt, W.D., Hickernell, F.S., and Jen, C.K., "ZnO films on {001}-cut <110>- 
propagating GaAs substrates for surface acoustic wave device applications," IEEE 
Transactions on Ultrasonics, Ferroelectrics and Frequency Control, vol. 42, no. 3, pp. 
351-361, May 1995. 

These papers indicate that ZnO is a suitable film choice for GaAs ACT devices because it 
can be deposited easily by sputtering and the SAW velocity for ZnO is comparable to that for 
GaAs. We also found out that ZnO can be made compatible with GaAs. Many GaAs processing 
people do not even like to hear the mention of Zinc because it is a fast diffusing, p-type dopant 
for GaAs. There concern is that if Zn enters any processing system that the GaAs wafers are 
going through, it will continue to dope Zn forever. This is probably a reasonable concern and in 
order for ZnO to be used it would have to be a final process step, after all other fabrication 
processing has been done. The wafer would need to leave the main facility and then go to 
another, separate location for ZnO deposition. We found that if the GaAs wafer has an 
encapsulation layer such as silicon nitride on it, the ZnO will not dope that wafer during 
sputtering. Hence, there is a way to get the ZnO layer on the GaAs on without harming the 
wafer. Though this may seem costly, there is a precedent for this in the silicon industry. Copper 
is now being hailed as a new metallization material for silicon and it too is a dopant for silicon. 
The interconnect layer that copper is used for is applied at the very end of the process and in a 
separate facility so that there can be no back contamination. 
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These two attached papers describe in considerable detail the work that was conducted. 
Ultimately, it was found that the ZnO film should be between 0.3 and 0.5 acoustic wavelengths 
thick for HACT devices. 
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An analysis of surface acoustic wave propagation in a piezoelectric film 
over a GaAs/AIGaAs heterostructure 

Yoonkee Kim and William D. Hunt . , . 

School of Electrical Engineering and The Microelectronics Research Center, Georgia Institute 
of Technology, Atlanta, Georgia 30332 

(Received 7 October 1991; accepted for publication 25 November 1991) 

This paper presents a theoretical analysis of the surface acoustic wave (SAW) propagation in 
u GaAs/AIGaAs heterostructure covered with a piezoelectric film such as ZnO, BaTiO,. 

1’bTiOj or PZT. Wc calculutc the SAW potential profile, SAW velocity, uml efleetive 
piezoelectric coupling constant as functions of the film thickness using a Laguerre 
polynomial technique. The effective material constants such as the characteristic admittance 
and equivalent dielectric constant are also obtained. We concentrate on the suitable 
choice of the film for a heterojunction acoustic charge transport device. A ZnO film of 0.3- 
0.5 acoustic wavelength thickness seems to be the most suitable choice. 


I. INTRODUCTION 

Acoustic charge transport (ACT) devices have been 
developed for a variety of high-speed analog signal process- 
ing applications since they were first reported in 1982. In 
ACT devices the charge packets are transported by the 
electric potential associated with a propagating surface 
acoustic wave (SAW). One ACT architecture 1 uses a thick 
(approximately half of the SAW wavelength) epitaxial 
layer and the charge is confined vertically by a combina- 
tion of the depletion potential and the SAW potential. This 
epilayer of lightly doped GaAs causes difficulty in the 
monolithic integration of ACT devices with other elec- 
tronic components. This problem has been overcome in 
part in a heterojunction ACT (HACT) device in which 
the charge is confined in a GaAs well sandwiched between 
AIGaAs layers. The potential profile of a conventional 
HACT device is shown in Fig. 1 for both open- and short- 
circuit surface cases. For the open-circuit surface, the 
channel potential is the strongest because the ACT channel 
is located just underneath the surface. The potential is very 
small at the surface for the short-circuit case due to the 
electrical boundary conditions associated with a metal film. 

For a signal processing application, the charge packet 
can be detected by nondestructive sense (NDS) electrodes. 
A complication in ACT devices which does not face the 
designer of charge coupled devices (CCD) is that the NDS 
array must perform its electrical function of sensing charge 
but must also not present an appreciable perturbation to 
the SAW. It has been shown that an electrode grating 
which has one eighth of an acoustic wavelength wide met- 
allization and spacing, respectively, could be used to min- 
imize the perturbation of the SAW by the NDS grating. 
As seen in Fig. 1, the presence of the metallic NDS array 
will short out the SAW potential at the surface, and this 
has been shown to adversely affect charge transport in the 
HACT structure. To overcome this problem with the 
HACT device, one needs an insulating layer between the 
ACT channel and the NDS electrodes. Therefore, the in- 
sulating layer helps to place the transport depth such that 
the channel potential for both the open- and short-circuit 


cases is roughly equal. Moreover, if this insulating layer is 
a piezoelectric film, such as ZnO, it is possible to obtain a 
strong SAW potential and thus reduce the acoustic power 
necessary for charge transport. Considerable work on var- 
ious film structures has been reported 4 ' 5 with most of the 
investigations being focused on the piezoelectric coupling 
coefficient, K 2 . For ACT devices, however, one wants to 
know not just the effective values of K 2 but the potential 
profile extending into the substrate. 

This paper presents a theoretical analysis of the SAW 
propagation in a GaAs/AIGaAs HACT structure covered 
with a piezoelectric film. The numerical results are shown 
for film materials such as ZnO, BaTi0 3 , PbTi0 3 or PZT. 
We use the Laguerre polynomial (LP) technique to de- 
scribe SAW propagation in multilayered structures Our 
results include the SAW velocities for the op r 
circuit surface, SAW potential, and acousiiv .■ 
value for K 2 is calculated from the relative ci . - 
locities between the open- and short-circuit surface 
(tf 2 = 2AF/F). 


II. METHODOLOGY 

The schematic diagram of the structure to be investi- 
gated is illustrated in Fig. 2. The HACT device being con- 
sidered consists of 400-A-thick GaAs quantum well for 
charge transport sandwiched between the 700-A-thick and 
l-/im-thick AIGaAs layers. A 200-A-thick GaAs layer is 
used as a cap layer. The mole fraction of AlAs in AIGaAs 
is chosen to be 0.35. 

In our analysis, we used the stiffness, piezoelectric, and 
dielectric tensors reported by Adachi, 7 Carlotti et a/.,* and 
Mansingh. 5 These material tensors are transformed by the 
Euler angle method 9 to reflect the desired crystal cut and 
propagation direction. As in the majority of ACT devices 
developed to date, the surface normal direction of the 
HACT device is (001) and the wave propagation direction 
is (110). The crystal symmetry of the ZnO film is hexag- 
onal and that of the BaTi0 3 , PbTi0 3 , and PZT film is a 
poled ceramic. The polycrystallinc ZnO film can be grown 
by various sputtering methods*^ and its orientation is ob* 
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FIG. 1. SAW potential profile of a con- 
ventional HACT device for open- and 
ihort-circuit iurfacc. 


tained with the c axis normal to the surface by choosing 
proper sputtering parameters . 11 It should be noted that this 
property makes the poling process unnecessary for ZnO 
unlike for the piezoelectric ceramic films. It has also been 
reported that the c-oriented ZnO film can be deposited on 
top of a GaAs/AIGaAs/GaAs structure . 12 Since the basal 
plane of hexagonal crystal is isotropic, the propagation di- 
rection for calculation purposes is arbitrarily chosen to be 
(100). For the ceramic films, which are grown by various 
kinds of deposition methods , 5 the material tensor has the 
same form as for the hexagonal crystal system, with Z axis 
along the poling axis. During the poling process, the poling 
axis is along the surface normal direction and it is parallel 
to the (001) direction . 13 Therefore, the surface normal and 
the propagation directions are same as those of the sput- 
tered ZnO film. 

Using the LP technique, one can obtain the SAW po- 
tential profile in relation to the acoustic power. However, 
for ACT devices, it is preferable to have the SAW potential 
related to the voltage applied to the transducer. The equa- 
tions presented in Datta 14 are used in this paper. The sur- 
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FIG. 2. Schematic diagram of a HACT device covered with a piezoelec- 
tric film. 
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face SAW potential, ^ 0 * « given by = where fi is 
the response function and V r is the applied voltage to the 
interdigital transducer (IDT). The response function is 
given by 






sin [Nn(f-f c )/f c ] 
**[(/-/,)//<] ’ 


( 1 ) 


where f c is the center frequency of the IDT, N is the num- 
ber of the IDT electrode pairs, and /u 5 is the element factor 
which is equal to J0.&K 2 for the metallization r^tio 17 — 0.5. 
Since the SAW is a clock signal and is oper..: 
center frequency for ACT devices, fi be: 

Therefore, CAn be simply written as 

4 0 =jo.sk 2 nv t . ( 2 ) 


We make this value for to be the surface SAW potential 
obtained by the LP technique. 

The relation between the acoustic power, P a% and <f> 0 
can be used for the calculation of the effective material 
constants. The characteristic admittance, can be given 
by 


2 yoW 


P.-\*>\ 2 J X* 


(3) 


where W is the width of overlap of the IDT electrodes. The 
equivalent dielectric constant, c„ is given by 


c, = K* 


where v SAW is the SAW velocity. 


(4) 


III. RESULTS 

The computed open*circuited SAW velocity versus 
film thickness is shown in Fig. 3. For our calculations, the 
ncouslic wavelength, X, of the filmed architecture is as- 

\ 
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FIG 3. Open -circuited SAW veloc- 
ity vs film thickness 


sumed to be 10 n m. We calculate over the range of 0-0. 5 A 
thickness of the film. The Rayleigh modes are supported 
for all the filmed architectures being considered here. It is 
seen that the SAW velocity is close to that of the HACT 
substrate for the small thickness of the film and it is close 
to that of the corresponding single material as the thick- 
ness of the film is increased. Also note that the SAW ve- 
locity decreases monotonically. The SAW velocity of the 
HACT device which is drawn as the zero thickness of the 
film is calculated to be 2910 m/s (cf. vq iA> = 2864 m/s). 
The variations of the SAW velocity by the 0.3A thickness 
of the film are -6.6%, -2.9%, - 13.9%, and - 17.7% 
from that of the HACT device with no film overlay for the 


ZnO, BaTiOj, PbTiOj, and PZT film, respectively. Note 
that the SAW velocity is changed only a little for the 
BaTiOj and ZnO film. Therefore it is expected that the 
bandwidth of the ACT device with these films is not de- 
creased severely because the maximum bandwidth is half 
of the SAW clock frequency according to the Nyquist the- 
orem ( f c = v saW /A). 

The value of K 2 versus film thickness is shown in Fig. 
4. For the ZnO film, the vuluc of A' 1 increases rapidly up to 
the 0.1A thick film, and reaches 0.8%-0.9% for the 0 ! 
0.5A thick film. For the other films, the va!< 
creases slightly for the 0-0. 1 A thick film, 
peak at 2.41%, 1.50%, and 2.84% for the ' ; - 
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FIG. 4. Effective piezoelectric cou- 
pling constant vs film thickness. 
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FIG. 5. SAW potential profile of 
0.3 A thick film: (a) for open-circuit 
surface, (b) for short-circuit sur- 
face. 


BaTiO v PbTi0 3 , and PZT film, respectively. Note that the 
value of K 2 of the HACT device with no film overlay is 
calculated to be only 0.081%. 

In order to compare the SAW potential, we assume an 
ideal power transfer condition in which the impedance of 
the IDT and that of the source are perfectly matched. We 
chose the values of N and V T to be 100 finger pairs and 1 V \ 
respectively. Figures 5(a) and 5(b) show the calculated 
potential profiles of the films for the open- and short-circuit 
surface, respectively. The film thickness is chosen arbi- 
trarily to be 0.3A. Note that the phase shifting term is 
omitted to show the magnitude only. The location of the 
GaAs well for the charge transport channel is denoted by 
a square. It is seen that the channel potential is not pro- 


portional to the value of K 2 especially for the PbTi0 3 film. 
Note that the local maximum point of the SAW potential 
is around the channel location for the ZnO film unlike for 
the other films. This characteristic is held for the range 
over the 0.3A film thickness and it may help to confine the 
charge in the ACT channel not only horizontally but also 
vertically. 

The calculated channel potentials versus the film thick- 
ness arc shown in Figs. 6(n) and 6(b) for the open- and 
short-circuit surface, respectively. The channel potential of 
the HACT device with no film overlay is drawn as that of 
the zero film thickness. It is seen that the channel poten- 
tials are increased dramatically as the film thickness in- 
creases except for the PbTiOj film. From Fig. 6(b), it is 
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FIG. 6. Channel potential vs film 
thickness: (a) for open-circuit sur- 
face, (b) for short-circuit surface. 


c lrpr tha t the channel potentials for the short-circuit sur- 
face are not shorted out for the filmed structures while it is 
shorted out for the HACT architecture with no film over- 
lay. This shows that the presence of the complicated NDS 
array does not cause the severe degradation of the charge 
transport properties. Even though the largest potential is 
expected in the PZT case, the ZnO film will be the most 
suitable choice because it does not require poling. Thus, we 
will present more about the ZnO film. The detailed SAW 
potential profiles for the ZnO film are shown in Figs. 7(a) 
and 7(b) for the open- and short-circuit surface, respec- 
tively. The decrease of the channel potential around the 
0.2A thickness shown in Fig. 6(b) is explained by the pro- 
files shown in Fig. 7(b). Considering this for both the 
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open- and short-circuited potential, we can expect that the 
0.3-0. 5 A thickness is the best choice for the ZnO film. For 
this range, the open-circuited channel potential is shown to 
increase the channel potential by a factor of 7-9 over what 
it would be for the HACT architecture, and the short- 
circuited one maintains the value of 73%-94% of the 
open-circuited one. 

Consider the ideal equivalent circuit of an IDT shown 
in Fig. 8. One can obtain the values for the circuit elements 
using the values of y,, and c, in the following equations 
presented in Datta. 14 These values can be used to design a 
matching network of the IDT. The radiation conductance, 
Gg, is given by 

Y. Kim and W. D. Hunt 2140 
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FIG. 7. SAW potential profile vs ZnO 
film thickness; (a) for open-circuit sur- 
face, (b) for short-circuit surface. 




FIG. 8. Idea! equivalent circuit model of an IDT. 


The radiation susceptance, B& is the Hilbert transform of 
G v and B a = 0 at the center frequency. The equivalent 
capacitance, C Tt is given by 


1 

C r = ac/ffV 9 a= u 


for solid-electrode IDT 
split-electrode IDT 


The calculated y 0 and c s of the H ACT architecture covered 
with the ZnO film are shown in Fig. 9. The values for 
GaAs (Ref. 14) are given here for comparison, 
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2.6 



FIG. 9. Calculated characteristic admit- 
tance, y ih and equivalent dielectric con- 
ttUint, c„ vi ZnO film thickncii. 


w 


J’oGaA, = 31 mmho 
1-2 pF/cm. 

IV. CONCLUSIONS 

SAW velocity, K 1 , and potential profile of the piezo- 
electric films such as ZnO, BaTi 03 , PbTiOj, or PZT on top 
of a GaAs/AlGaAs HACT device have been investigated 
using the Laguerre polynomial technique. Among these 
films, the ZnO film would be the most suitable choice. The 
effective characteristic admittance and dielectric constant 
for the HACT architecture covered with the ZnO film have 
pkn been calculated. It is found that the ZnO film of 0.3- 
0.5A thickness increases the open-circuited channel poten- 
tial by a factor of 7-9 over the conventional HACT device 
and it mukes the short-circuited one maintain the value of 
73%-94% of the open-circuited one. 
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ZnO Films on {001}-Cut (llO)-Propagating 
GaAs Substrates for Surface Acoustic 
Wave Device Applications 

Yoonkee Kim. William D. Hum. Frederick S. Hickemell. FWtar. /£££. Robert J. Higgins, and Cheng-Kue, Jen 


Abstract — A potential application for piezoelectric films on 
GaAs substrates is the monolithic integration or surface acous- 
tic wave (SAW I devices with GaAs electronics. Knowledge of 
the SAW properties of the layered structure is critical for the 
optimum and accurate design of such devices. The acoustic 
properties of ZnO films sputtered on {001} -cut 110} -propagating 
GaAs substrates are investigated in this article, including SAW 
velocity, effective piezoelectric coupling constant, propagation 
loss, diffraction, velocity surface, and reflectivity of shorted and 
open metallic gratings. The measurements of these essential 
SAW properties for the frequency range between 180 and 360 
MHz have been performed using a knife-edge laser probe for 
film thicknesses over the range of 1.6-4 ,/m and with films ot 
different grain sizes. The high quality of dc triode sputtered 
films was observed as evidenced by high A and low attenuation 
The measurements of the velocity surface, which directly affects 
the SAW diffraction, on the bare and metalized ZnO on SiO. 
or Si , N , on {001}-cut GaAs samples are reported using two 
different techniques: 1) knife-edge laser probe, 2) line-focus-beam 
scanning acoustic microscope. It was found that near the (110 
propagation direction, the focusing SAW property of the bare 
GaAs changes into a nonfocusing one for the layered structure, 
but a reversed phenomenon exists near the (100 direction! 
Furthermore, to some extent the diffraction of the substrate 
can be controlled with the film thickness. The reflectivity of 
shorted and open gratings are also analyzed and measured. 
Zero reflectivity is observed for a shorted grating. There is good 
agreement between the measured data and theoretical values. 


I. Introduction 

O VER the past two decades. ZnO has been the most 
frequently considered piezoelectric film for use for in- 
creasing the piezoelectric coupling in cases of a weakly- (e.g., 
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GaAs) or nonpiezoelectric substrate [1]. The use of a ZnO 
layer with a GaAs substrate will enable one to monolith- 
icaliy integrate surface acoustic wave (SAW) devices with 
GaAs electronics. Furthermore, such a structure will have 
low dispersion due to the similarity of the SAW velocities of 
both materials [2]. In this paper, the feasibility of ZnO films 
deposited on GaAs substrates for SAW device applications 
is investigated along with a detailed discussion about the 
problems which occurred during the characterization of the 
ZnO/GaAs structures. 

Knowledge of SAW properties of the filmed structure is 
crucial for the accurate design of SAW devices. Herein, the 
experimentally determined fundamental SAW properties are 
reported including velocity, effective piezoelectric coupling 
constant A , attenuation for the 1.6—4 /im thicknesses of 
c-oriented ZnO film over semi-insulating {001}-cut (110;- 
propagating GaAs substrates in the frequency ran°e of 
1 80-360 MHz. 

Another critical acoustic property for the design of SAW 
devices is diffraction of the surface acoustic wave. Diffrac- 
tion in anisotropic media can generally be described by the 
slowness surface or the velocity surface. The velocity surfaces 
on free and metalized surfaces were measured using two 
independent techniques: I) knife-edge laser probe, 2 ) line- 
focus-beam scanning acoustic microscope (LFBSAM). The 
results from both methods are compared with the theoretical 
results. 

Metallic gratings are basic elements required for the con- 
struction of SAW devices. Analyzing the reflectivity and the 
velocity change due to metallic gratings has been studied 
since the invention of SAW devices; however, no research on 
gratings on multilayered structures has been reported. Datta 
and Hunsinger have analyzed the grating properties on a 
single crystal by separating into the piezoelectric shorting and 
the mechanical scattering due to the mass loading and the 
stress [3]. In this paper, an extension of their technique to a 
multilayered structure is presented. Experimental results for 
a shorted and an open grating are compared with theoretical 
calculations. 

A passivation layer such as Si0 2 [4].SiaN 4 [5], or SiON 
[6] between ZnO and GaAs might be required in order 
to: I) passivate the structure and enhance the yield, and 
2) prevent unwanted doping of GaAs by Zn during the 
sputtering processes. The application of such a passivation 
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TABLE I 

ZnO Film Deposition Parameters 


Sputtering Method 

RF Magnetron 

DC Triode 

Target 

ceramic 6.5 inch dia. 

ceramic 4 inch dia. 

Target to Substrate 

1 .5 inches 

2.5 inches 

Background 

8 mTorr 

3 mTorr 

Pressure 



Substrate 

350° C 

250° 

Temperature 


90% Ar 10% Og 

Gas 

82% Ar 18% 0j 

Power 

400W 

150W 

Rate 

4.6 (i m/hr 

1 .4 /im/hr 


TABLE 11 

Configuration of IDT's Number of Finger Pairs V is 50 5 for all IDTs 


No. 

i 

Type 

Nominal 

Wavelength 

(A,) [pm] 

Measure 

Center Frequency 
(/, ) [MHz] 

Aperature ( U , > 

[pm] 

i <A.) 

1 

split 

16 

175.0-182.2 

80 

5 


solid 

12 

230.2-240.6 

100 1 

8.3 

3 

solid 

10 

273.5-287.4 

100 

10 

4 

solid 

8 

339.0-356.8 

80 

10 


III. Characterization of Acoustic Properties 


layer was obtained with a plasma-enhanced chemical vapor 
deposition (PECVD) for Si0 2 or Si 3 N 4 . The acoustic param- 
eter differences with and without the passivation layer are 
discussed. Theoretical calculations of SAW velocity and K 2 as 
a function of film thickness were performed using the Laguerre 
polynomial technique [7], 

II. ZnO Film Growth 

c-axis oriented polycrystalline ZnO films were grown at 
Motorola using both rf magnetron and dc triode sputtering 
method on {001 }-cut GaAs wafers which were grown by the 
liquid-encapsulated Czochralski (LEC) technique. The GaAs 
wafers, which were chemically and mechanically polished on 
both sides, were semi-insulating with resistivity > 10 7 fi-cm, 
and the surface normal direction was [100) ± 0.1°. The quality 
of the film strongly depends on the fabrication conditions. The 
typical deposition parameters used for the ZnO film are listed 
in Table I. The film thicknesses of 1.6. 2.8. and 4.0 (im have 
been chosen to cover the range of 0. 1-0.5 of the acoustic 
wavelength. A. As a passivation layer, a 0.1 /im PECVD Si0 2 
layer was deposited for the rf magnetron sputtered ZnO films 
and a 0.2 /im PECVD Si 3 N 4 layer was deposited for the dc 
triode sputtered films. The choice of a passivation layer was 
made solely on the equipment availability. 

The as-grown ZnO films were transparent with a very 
smooth surface finish. The grain size of the ZnO films was 0.2 
to 0.5 ;im for the rf magnetron sputtered films, and no grain 
boundaries are visible under scanning electron microscope 
(SEM) examination for the dc triode sputtered films indicating 
the grain size was beyond the resolving power of the SEM. 
From X-ray diffraction and atomic force microscope (AFM) 
measurements, the grain size of the dc triode sputtered films 
is 30 to 50 nm. The problem with these particular dc triode 
sputtered films, however, is that a compressive stress is 
induced in the substrate at the time the film is grown. The 
induced stress is greater with the thicker films such that 2" 
wafers are warped, making it difficult to process IDT’s. Thus, 
only the ZnO film thickness of 1.6 /im was investigated for 
the dc triode sputtered films. It has been previously reported 
that a decrease in the internal compressive stress results in a 
decrease in A ~ [8]. 

The orientation of the ZnO film was characterized using the 
X-ray diffraction technique. The diffraction patterns showed 
that all samples had strong c-axis texture; i.e., there were no 
ZnO peaks visible except those from the basal planes. 


A. Velocity ; K 2 , and Attenuation 

A number of devices were fabricated using a standard lift- 
off process on 1.6, 2.8, and 4 //m thicknesses of the ZnO 
films. Employing one set of four IDT’s with different center 
frequencies enables the investigation of frequency characteris- 
tics over the range of 180-360 MHz. The configuration of the 
IDT’s is listed in Table II. The values of the SAW wavelength, 

A, in the table denote nominal values. Each IDT is unapodized 
with metallization ratio (finger width to grating period) of 
0.6. The apertures of the IDT’s were chosen to facilitate the 
measurement of the slowness surface on bare GaAs substrates 
[9]. Considering the nonacoustic resistivity of the IDT’s [10], 
the metal thickness was chosen to be 0.1 jim ot A\J49c Cu 
alloy. For ease of fabrication, the smallest dimension for the 
devices was no less than 2 ;/m; therefore, IDT no. 1 utilized 
split finger electrodes while the others utilized the single finger 
configuration. Acoustic absorber was applied at both ends 
of the device in order to prevent SAW reflections from the 
edges. 

The value of A is inferred from the periodicity of the IDT 
electrodes, and the SAW velocity, i'saw* ^ region 
may be obtained to first order by the relation, r SA vv = /A 
where f c represents the center frequency. The value of the 
nominal A within the free ZnO/GaAs surface region is different 
and is measured directly by using a technique such as the 
laser probe system. The measured values of j c arc shown in 
Table II, and the variation of f c is due to the fact that t’s.wv 
is dispersive depending upon the ZnO film thickness as well 
as the passivation layer. 

A knife-edge laser probe system was used to measure SAW 
properties. The use of the laser probe system and the scheme 
for the longitudinal and transverse scans has been described 
in [11] and [12] and will not be discussed here. In this study, 
the signal to noise ratio of the laser probe was typically 40-50 
dB, and a 3 /i-m diameter laser spot was used. From several 
devices on each substrate, the best device was chosen for 
the experiments. The SAW velocity measured with the knife- 
edge laser probe is shown in Fig. 1 along with the theoretical 
values. The velocity dispersion is plotted as a function of 
wavelength-normalized film thickness. The theoretical values 
were calculated with the value of A set to 10 ^m. The material 
constants in the calculation were those given by Slobodnik 
[13] and Hickemell [5]. 

The maximum difference between the SAW velocities of the 
free surface (measured with the laser probe) and in the IDT 
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Fig. 1. SAW velocity measured by a knife-edge laser probe on the metalized 
surface: (a) RF magnetron sputtered film, (bi DC tnode sputtered film. 


area, from the center frequency measurements, was 0.3%. The 
maximum velocity deviations caused by the passivation layer 
were 0.6 and 1.6% for SiC >2 and Si 3N4, respectively, and these 
figures agree well with the values from the center frequency 
measurements. The accuracy of the velocity measurement 
is approximately 0.3%. The detailed discussion about the 
accuracy can be found in Bright, Kim. and Hunt [14] and 
will not be reproduced here. 

In using the laser probe, difficulty in making the free surface 
measurements was experienced due to the multiple reflections 
of the laser beam between the film-substrate interface and 
the air-film. For three film structures (2.8 and 4.0 fim rf 
magnetron sputtered ZnO and 1.6 y/m dc triode sputtered 
ZnO/0.2 ;/m SijNjk no appreciable energy from the laser 
beam was reflected from the free surface areas which is similar 
to what happens with antireflection coatings in optics. This 
made probing impossible. For this reason, the velocity shown 
in Fig. 1 is the measured data on the metalized surface as 
well as the theoretical value on short-circuit surface. More 
detailed analysis about this multiple reflection can be found in 
the previous article [15]. 

The effective piezoelectric coupling constant K 2 is gener- 
ally obtained by a measurement of the relative shift in velocity 


Fig 2 Piezoelectric coupling constant A**. 


between open- and massless short-circuit surface as follows. 


K 2 = 2 x 


l‘s 


( 1 ) 


where r c and r s are the open- and short-circuit velocity, 
respectively. For the measurement of r s , a metal pad was 
fabricated on one side of the IDT's to short out the electric field 
on the surface while the other side of the IDT was left as a free 
surface. In order to reduce the mass loading of the metal pad. 
it was fabricated with 25 nm thickness of Al/4% Cu alloy. In 
spite of the finite thickness of the pad. its mass loading would 
be negligible because its thickness is only 0.0016-0.0031 of 
X (16 to 8 //m) and it has a very' slight effect compared to 
the piezoelectric effect [II]. This assumption was confirmed 
by a theoretical calculation using the Laguerre polynomial 
technique [7]. The velocity change due to the mass loading 
was calculated to be at most 0.015% which is much less than 
the expected value of A' 2 for the ZnCFGaAs structure. 

The value of A' 2 calculated by using (1) is shown in Fig. 2 
as a function of normalized film thickness. The data points 
represent average values obtained from several measurements. 
It is seen that the value of A 2 for the dc triode sputtered film is 
about 1.7 times larger than that of the rf magnetron sputtered 
films as expected from the grain size of the film. The measured 
value is 40-80% of the theoretical one. w hich is comparable 
to Hickemeil's observations on the other substrates [I]. This 
value is still approximately 5.7-10.8 times larger than the 
typical value for bare GaAs (0.07%). 

Acoustic propagation loss (attenuation) is also a crucial 
parameter in device applications of piezoelectric films. The 
attenuation of the SAW can be measured by comparing the 
energy contained in the wave of tw'o different transverse scans, 
separated by some distance <7. The energy is proportional 
to the value obtained by integrating the squared magnitude 
of the beam profile |£ r | 2 along the transverse direction. The 
scan length should be made long enough to include the entire 
energy since the beam spreads out due to diffraction Thus, 
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Frequency [MHz] 

(1) RF magnetron 

(2) RF magnetron with 0.1 pm Si0 2 

(3) DC triode 

(4) DC triode with 0.2 pm S13N4 

Fig. 3. Propagation loss in the frequency range of 230-290 MHz. 


the attenuation a is given by 

/£!('•• A,' 

(7) ,1B/ " S 121 

V2 / 

where A.r is a step size for the scan It should be noted that this 
attenuation includes not only 1 ) so-called viscous loss due to 
interaction with thermally excited elastic waves, 2 ) scattering 
by crystalline defects, impurities, and surface roughness, and 
3 ) air loading but also the losses due to diffraction and the 
leaky nature of the w F ave on GaAs [16]. The effects of loss 
due to interaction with electrons should be negligible because 


measurement depends on, among other things, the flatness 
of the surface. However, the sample is not perfectly flat, 
resulting in a slight defocus of the laser probe spot and a 
variation in T dc ; thus, precise measurement of attenuation is 
very difficult. Furthermore, due to the diffraction loss of the 
IDT, the maximum deviation of the attenuation measurement 
was up to a few tenths of a dB//xs depending on the scan 
distance. 

The measured data show s that the 1 .6 /im dc trio desputtered 
film with the passivation layer had the lowest loss and the 
4 /im rf magnetron sputtered film without the passivation 
layer the highest attenuation, which is comparable to what has 
previously been reported [1], [17]. The passivation layer had 
a noticeable effect on both sputtered films — especially for the 
rf magnetron sputtered ones. The reduction in the attenuation 
is perhaps due to the fact that the passivation layer provides a 
better platform for the film growth by compensating for stress 
differences between the film and the substrate [ 2 ], In spite of 
the diffraction loss, it should be noted that the lowest value 
of attenuation for the films is not severely worse than that of 
bare GaAs substrate, which has the values of 0.323 and 0.567 
dB//xs, for 200 and 300 MHz, respectively [18]. 

The ZnO/GaAs structures may not have suitable tempera- 
ture stability required for some applications due to positive 
temperature coefficient delays (TCD’s) of both bulk ZnO (35 
ppm/°C) and GaAs (50 ppm/°C). However, since the passiva- 
tion layer of Si0 2 (-70 ppm /°C) has a strong negative TCD, 
improvement of the temperature stability may be achieved by 
adjusting the passivation layer thickness [2]. An experimental 
compensation of TCD of GaAs was reported by using a 
Au/Si0 2 film [19]. No measurements of the temperature 
characteristics have been attempted in this research. 


of the high resistivity of the substrate. 

The propagation loss shown in Fig. 3 w F as observed in 
the frequency range of 230-290 MHz, by comparing several 
transverse scans on the metalized surface with the distance of 
about 200A and averaging the measured values. In fact, the 
diffraction was relatively large compared to that of bare GaAs 
due to the characteristic of the ZnO film to be discussed in 
the next section and the narrow aperture of the IDT (IT = 
8.3 or 10 A). With greater diffraction, more SAW energy 
can be lost to bulk shear since SAW propagation on this cut 
and propagation direction of GaAs is a leaky SAW mode. 
Employing an IDT with a wider aperture may reduce the value 
of the propagation loss in the measurement. Nevertheless, the 
narrow aperture was used in order to obtain enough diffraction 
for the velocity surface measurements to be discussed in the 
next section. 

In the laser probe system, the output signal of the laser 
probe, which is detected with a photodiode, is filtered into dc 
and rf components. The dc component signifies the reflectivity 
of the sample under test, and the rf component is related 
to the normal component of the SAW particle displacement. 
While only the phase information of the rf component is 
required for the velocity measurement, its magnitude is used 
for the attenuation measurement. Since the magnitude of 
the rf component is proportional to the dc component, it is 
normalized by the dc value 1*.. The accuracy of the magnitude 


5. Velocity Surface 

1) Knife-Edge Laser Probe Measurements: The substrates 
investigated for the velocity surface were 1.6. 2.8,and 4.0 /im 
rf magnetron sputtered ZnO films with 0.1 /xm thick Si0 2 
passivation layer and 1.6 /xm dc triode sputtered ones with 
and without 0.2 /xm thick Si 3 N 4 passivation when A was 12 
fi m. The typical transverse scan data measured on the free 
surface of 1.6 /xm dc triode sputtered ZnO/GaAs and bare 
GaAs are shown in Fig. 4(a) and (b), respectively, where the 
SAW propagation is along the (110) direction of GaAs. The 
two transverse scans were separated by a distance ot 200 A. 
Note that the acoustic diffraction with the ZnO film shown in 
Fig. 4(a) is much larger than that of bare GaAs, which clearly 
shows a focusing beam profile in Fig. 4(b). Thus, the velocity 
surfaces of these structures are investigated theoretically and 
experimentally to explain the difference in the diffraction. 

The theoretical velocity curves of the ZnO film with a 0. 1 /xm 
Si0 2 passivation layer are shown in Fig. 5(a) as a function 
of the ZnO film thickness normalized to A. The propagation 
directions are centered about the (110) axis. Note that the SAW 
velocity curves for the ZnO film thickness of 0.13, 0.23, and 
0.33A on GaAs are concave upward, and this is in contrast with 
that of the concave downward curvature for bare GaAs. The 
concave downward and upward curvature infer, respectively. 
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(a) (a) 




(b) 

Fig. 4. Beam profiles are separated by a distance of 2Q0A w hen A is 12 //m. 
The solid line represents the scan near the IDT and the dotted line represents 
that of 200A apart, (a) Free surface of 1.6 //m DC triode sputtered ZnO, (b) 
bare GaAs. 

focusing and nonfocusing behavior, and support the diffraction 
shown in Fig. 4. 

The effect of the passivation layer with 0. i //m thick SiO 
2 or 0.2 //m thick S^N.* is shown along with nonpassivated 
structures in Fig. 5(b) for the ZnO thickness of 1.6 //m. Since 
the passivation layer is treated as an isotropic media like the 
c-oriented ZnO film, its presence is not expected to affect the 
shape of the curve, but shifts the entire curve slightly toward 
faster values. Considering the fast SAW velocities of single 
Si 02 and Si 3 N,i, one can easily expect that the curve would 
shift upward as the thickness of the passivation layer increases 
as long as the energy is trapped at the surface. 

Applying angular spectrum of plane waves (ASPW) theory 
to the transverse scans produced velocity surfaces shown in 
Fig. 6. The usage of the laser probe system for the ASPW 
theory has been described in detail in Hunt and Hunsinger 
[20]. Note that there is close agreement between Figs. 5 and 
6 . 

The analysis of the velocity curve in terms of an anisotropy 
parameter gives an immediate insight into the diffraction of 
a propagating SAW. Using a parabolic approximation, the 
velocity of the pure mode direction ((110) of GaAs) can be 



(b) 

Fig, 5. Theoretical velocity surfaces obtained using Laguerre polynomial 
technique. Numbers indicate the thicknesses of the ZnO film normalized 
by A = 12 ftm. (a) Effect of ZnO film thickness with a 0.1 //m SiO^ 
passivation layer, (b) Effect of passivation for 0.1 3A thick ZnO film. 

expressed as 

v(0) = r Q ( 1 — bO 2 } (3) 

where t? 0 is the velocity at 0 = 0, 0 is an angle off the pure 
mode direction in radian, and b is the anisotropy parameter. 
The beam is spreading for b < 0 and focusing for 6 > 0 
comparing to the isotropic case, b = 0 [21]. As shown in 
Fig. 5, the parabolic approximation for the 0.33A thick ZnO 
film is not appropriate since the curvature is almost fiat (i.e., 
isotropic) near the zero angle. Therefore, the values of b for the 
0.13 and 0.23 A thickness were obtained from a least-square's 
curve fitting and are listed in Table III for the comparison 
between the theory and the experiment. 

The inversion of the velocity curves was investigated nu- 
merically for the other materials. We arbitrarily chose GaAs, 
GaP, InAs, and InP since they are substrates with cubic 
symmetry, and AIN and ZnO as the piezoelectric film both 
of which have hexagonal symmetry. Material constants were 
available from Auld [22]. The inversion was observed for all 
of the combinations; e.g.. it occurred at 0.05A thick ZnO or 
0.03A thick AIN both on GaAs. The curves became flat as the 
film thickness was increased due to the isotropic characteristic 
of the films. In addition, SAW modes exist only for relatively 
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(a) 



(b) 

Fie. 6. Experimental velocity surfaces obtained applying ASPW theory to 
transverse scans. Numbers indicate the thicknesses of the ZnO film normalize 
by A = 12 (a) Effect of ZnO film thickness with a 0.1/rm SiOj 

passivation layer, (b) Effect of passivation for 0 13A <1.6 /'ml thick ZnO film. 

thin films of AIN due to its much faster velocity (5608 
m/s) than those of the substrates (1990-3540 m/s); e.g., for 
0.1 1 A or less thickness of AIN on GaAs. For comparison, 
the velocity curve was also calculated for an isotropic film 
such as fused silica (3411 m/s) on GaAs, but in this case the 
inversion did not occur. The calculation results suggest that 
both the hexagonal films (AIN and ZnO) cause the inversion 
of the velocity surface in a cubic material for the cases 
mentioned above. This indicates that it is possible to control 
the diffraction of the substrate with proper selection of film 
thickness. 

2) Line- Focus-Beam Scanning Acoustic Microscope Mea- 
surements: Again, Fig. 5(a) indicates that the velocity surface 
inversion occurs about the (110) direction when the c-oriented 
ZnO film is deposited on a {001} -cut GaAs wafer. Our 
theoretical calculations also reveal that the reverse situation 
appears if the propagation is along another pure mode axis 
(100) direction. In order to evaluate this prediction and allow 
the measurement of acoustic properties along nonpiezoelectric 
directions, velocity measurements using a Line-Focus-Beam 
scanning acoustic microscope (LFBSAM) [23] operating at 
225 MHz were performed. The technique to deduce the 
velocity is the so-called V( = ) analysis which has been reported 


TABLE III 

Anisotropic Factor of 0.13 and 0.23 A Thickness of ZnO Film The 
Valles Are Obtained by Curve Fitting with a Least-Square Method 
The V alues in the Parentheses are for the Shorted Surface 


ZnO 

Thickness 

Sputtering 

Method 

Passivation 

Theory’ 

Experiment 

0.0 


0 

0.22 

l» 4 V 

0.13A 

RF Magnetron 

l 

-0 13 
(-0.16) 

-0.18 (-0.17) 

0.1 3A 

DC Triode 

2 

-0 13 
(-0.16) 

N/A (-0.19) 

0.1 3A 

DC Triode 

0 

-0.14 

(-0.17) 

-0.22 (-0.4) 

0.23 A 

RF Magnetron 

1 

-0.44 

(-0.56) 

-0.71 (-0.55) 


0: None, 1: 0.1 /< m SiOj. 2: 0.2 /» m SiiNt. 
n Reference [II]. 


in detail in [23], Due to the requirement of the water coupling 
between the SAM lens and the sample, the velocity measured 
is associated with leaky waves for which the waves leak 
their energy into the water. Thus, the measured velocity 
due to the water loading is slightly different from the one 
measured by the laser probe. The mass loading of the wa- 
ter is included in the V (c) analysis. The LFBSAM can 
also measure both leaky SAW and pseudo SAW [23] which 
can exist in a {001}-cut cubic crystal. The advantage of 
this method is the ability to measure the velocity profile 
in 360 degrees. However, the spatial resolution is limited 
(in this case an area of 300 ptn by 1000 //m) because 
of the defocussing requirements [23]. For the bare {001}- 
cut GaAs. both leaky SAW and pseudo SAW profiles were 
reported [24]. 

Fig. 7(a) shows the measured velocity surfaces for the 0 
(bare). 1 .6, 2.8, and 4.0 /cm ZnO film on {001 }-cut GaAs. 

It is seen that the ZnO films change the focusing behavior 
about the (110) direction into the nonfocusing one and the 
reverse inversions appear about the (100) direction. These 
results support our theoretical results and our laser probe 
measurements. Effects of the passivation layer (0 1 /cm SiOo 
or 0.2 /cm Si:jN 4 ) for 1.6 //m ZnO and {001} -cut GaAs 
on the velocity surface are provided in Fig 7(b), and they 
also agree with the results obtained using the laser probe. 
Note that Fig. 7(a) and (b) are solely used to demonstrate the 
leaky SAW behavior about the (110) and (100) directions, the 
details of their behavior farther away from these angles are 
not shown. 

Experimental velocity surfaces with and without the metal- 
lization pad for small deviations about the (110) direction are 
given in Fig. 8. Because the velocity measurement accuracy 
performed by LFBSAM is better than ±0.02#. in principle 
these data can be used to deduce the value of A' 2 . Recently, the 
V{z) analysis of LFBSAM measurements for a multilayered 
anisotropic structure has been reported [25]. However, due 
to a lack of understanding of the dielectric loading of the 
piezoelectric effect by the water, measurements of A' 2 can . 
not be carried out at present. On the other hand, the water 
is distilled and deionized to have a resistivity of 10' il. The 
conductivity effect of the water is mingled with its dielectric 
effect because the characteristic electromagnetic impedance 
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(a) <a> 



(b> 

Fig. 7. Velocity surfaces measured by LFBSAM at 225 MHz Numbers 
indicate the thicknesses of the ZnO film in ft m. (a) Effect of ZnO film 
thickness with a 0.1 /on SiO_> passivation layer, (b) Effect of passivation 
for 1.6//m thick ZnO film. 



(b) 

Fig 8. Velocity surfaces measured by LFBSAM for small deviations 
about(lIO) direction. Numbers indicate the thicknesses of the ZnO film 
in //m. (a) Effect of ZnO film thickness with a 0.1 /fm SiOj passivation layer, 
fb) Effect of passivation fori. 6 //m thick ZnO film. 


is equal to the root square of the permeability over the 
permittivity. 


IV. Reflection Properties of Metallic Gratings 

An exact theoretical analysis of the reflection properties 
is extremely difficult. The reflectivity and velocity shift of 
metal gratings on a single crystal can be analyzed by using 
Datta and Hunsingeris technique [3] if the metal thickness 
is small compared to the SAW wavelength. Considering that 
the metallic gratings effect the surface, Datta and Hunsingeris 
theory developed for a single material can be directly applied 
to a multilayered substrate by obtaining effective material 
constants of a single material equivalent to a multilayered 
substrate. The effective constants c f jj may be obtained by in- 
tegrating multilayered material constants weighted with SAW 
energy distribution and normalized by the energy as follows. 


I dyr(y)P(y) 

j dyP(y) 


( 4 ) 


where c(y) is a constant of the multilayered material tensor 
and P(y) is the energy distribution as a function of the depth 
y. Since the substrate is piezoelectric, the mechanical, electro- 
mechanical, and electrical energy distribution are utilized for 
stiffness, piezoelectric, and permittivity tensor, respectively. 
The detailed expression for the energy distribution is available 
from the Laguerre polynomial technique [7] and is not re- 
produced here. The validity of using the effective constants 
may be checked by comparing between the SAW velocity 
of ZnO/GaAs and that of the equivalent single material as 
is shown in Fig. 9. The maximum difference between both 
velocities is 0.009. 

The reflectivity of gratings can be divided into two com- 
ponents: the piezoelectric and the mechanical. The former 
depends on the piezoelectric coupling constant A' 2 , and the 
latter depends on the thickness h of the metal in wavelength 
A. The reflectivity r of a metal strip with a metallization ratio 
if at a frequency / can be given by 

7/7T/ 


r = J 


PA„) £ + F, h j 


sin 


fo 


(5) 


where /„ is the center frequency. P z is the piezoelectric 
scattering coefficient, and F- is the first order mechanical 
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Fis. 9. A comparison between SAW velocity of multilayer (ZnO/GaAs) and 
that of effective single material. 


scattering coefficient. P- is the same for all substrate-electrode 
combinations and depends only on the metallization ratio. On 
the other hand. F- depends only on the substrate and electrode 
materials and is independent of the metallization ratio. More 
detailed explanation about these parameters can be found in 
Hunsinger [3]. 

The value of P z at f 0 is given as a function of r; by using 
the Legendre function [3]. It is to be -0.75 when the value 
of <i is 0.5. Fig. 10 shows the calculated values of K 2 and 
/■ f or a n aluminum grating with jA width and jA spacing 
(the same geometry for solid finger interdigital transducers 
(IDT's)) on ZnO/O.25 /t m Si 3 N 4 /GaAs as a function of ZnO 
film thickness. As shown in Fig. 10. the value of A 2 increases 
from 0.07*3: (GaAs) to 1.0*3 (ZnO). and that of F. decreases 
from 0.9 (GaAs) to 0.2 (ZnO) as the film thickness increases. 
Thus, it is possible for the piezoelectric scattering and the 
mechanical scattering to cancel each other due to their opposite 
signs. This zero reflectivity can not only reduce triple transit 
interference (TTI) of IDT’s for some filter applications but also 
allows the use of a single finger IDT instead of a split finger 
IDT. thus increasing the frequency range of easily fabricated 
devices. 

In order to verify this remarkable theoretical expectation, a 
set of characterization devices shown in Fig. 1 1 was designed 
to measure the effect of the gratings. The ZnO films were 
grown by dc sputtering method with thicknesses of 0.8 and 1 .6 
Jim with a 0.25 pm PECVD grown Si 3 N 4 passivation layer. 
The probe IDT’s are 100A wide where A is 16 pm with a 
center frequency around 180 MHz. Each of the probe IDT s is 
20A long, and split finger electrodes are employed in order to 
reduce internal reflections. Both shorted and open gratings with 
the width of 108A are investigated, and each of the gratings 
consists of 200 strips with \\ width and ±A spacing. The 
distance from the center of the front two IDT electrodes with 
same polarity to the edge of the shorted grating is designed 
to be (l/‘2n -1- 1/4 ) A and l/2rtA. where n is an integer, to 
measure the sign of the reflectivity since the phase construction 
of a standing wave occurs at the distance of (1/2 n -I- 1 /4 ) A 
for a negative sign of reflectivity and l/2nX for a positive 
one [27]. 



Fig. 10. Piezoelectric coupling /\ 2 and first order mechanical scattering 
coefficient F. of aluminum gratings on ZnO/O.25 //m Si* Nt /GaAs. 



IDT 2 IDT 1 GRATING IDT 3 

Fig. 11. Device configuration for reflectivity measurements. 

The properties of open gratings were also investigated along 
with the shorted gratings. Unlike the shorted gratings, the SAW 
regeneration from the open grating should be considered in 
the analysis. At the center frequency, the reflectivity. r„, of 
an open metal strip with the metallization ratio of 0.5 is given 
as [27] 

r 0 = r 4- J0.64A (6) 

Due to this regeneration, the reflectivity of the open gratings 
always retains a positive value with a larger magnitude than 
that of the shorted gratings; thus, the open gratings may 
be suitable for reflectors or resonators, for which a strong 
reflectivity is desirable. 

The identical IDT probes with free and metalized surface 
with a 120 A wide and 200A long metal pad instead of the 
gratings were also fabricated to calibrate the measured data. 
Moreover, from these calibration sets, the SAW properties of 
velocity, A ", and attenuation for the Z.nO/GaAs substrates 
were also characterized. Three different thicknesses of the 
aluminum gratings were deposited with an e-beam evapora- 
tor. The measurements using a surface profile measurement 
apparatus showed they were 40. 80. and 120 nm. which 
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corresponded to 0.25. 0.50. and 0.75% of A. respectively. 
The measurements were performed with an HP8753C network 
analyzer with a time-gating feature. 

The velocities for the 0.8 // m and 1.6//m ZnO thicknesses 
were 2928 m/sec and 2912 m/sec, respectively, from the center 
frequency measurements. The value of A' 2 was also obtained 
by comparing the difference of the time delay from the IDT 
1 and 2 to the IDT 1 and 3 between the free surface and the 
metalized surface. It was 0.73% and 1.1%. respectively, but 
their accuracies may be degraded by the inaccurate value for 
the free surface velocity obtained from the center frequency 
measurements due to the velocity shift under the IDT's. More 
accurate measurement using the laser probe or the LFBSAM 
was not attempted for these substrates, but the measurements 
for the other substrates are already discussed in the previous 
section. The propagation loss w as also measured by comparing 
insertion loss of the IDT 1 and 2 pair and that of the IDT I and 
3 pair with a similar manner described in Melloch and Wagers 
[18]. Note that the loss due to diffraction is not considered in 
this technique. The loss of the 0.8 //m and 1.6 //m thickness 
was obtained to be 0.7 dB///s and 0.8 dB///s on the metal pad, 
and 2.6 dB//iS and 3.6 dB//*s on the free surface, respectively. 
This difference between the free surface and the metal pad is 
due to the large diffraction of the ZnO/GaAs. The 120A w ide 
metal pad must act as a waveguide to confine the acoustic 
energy and reduce the insertion loss, resulting in the reduction 
of the propagation loss. Note that the results coincide well w ith 
the measurements by the laser probe, which are discussed in 
the previous section. 

Fig. 12 show's typical unmatched frequency response be- 
tween the IDT 1 and 2 pair for the two shorted gratings (as 
mentioned before, the difference of their distance from the IDT 
1 is ^A) with the same metal thickness. Note that the phase 
construction and destruction are clearly shown about f a . The 
reflectivity of the grating was obtained using the time gating 
technique described in Wright [28]. Comparing the response 
of the IDT 1 and 2 pair with the grating to that w ithout gives a 
total reflectivity of the gratings assuming the distance between 
the IDT I and the grating is exactly correct for the total phase 
construction and destruction. Note that the propagation loss is 
negligible. The reflectivity of each electrode of the grating is 
given by [27] 

|r| = tanh -1 (R)/N (7) 

where R is the total reflectivity and A* is the number of the 
electrodes. 

Fig. 13(a) and (b) show the measured data and theoretical 
calculation for the reflectivity of an electrode in the shorted 
and the open grating at f v as a function of the metal thickness 
normalized in A. Prior work concerning gratings on GaAs can 
be found in the literature [29]. The value of A 2 was assumed to 
be 70% of the theoretical value based upon the measurements 
presented in the previous section. From the theoretical data, 
it is seen that for the shorted gratings the positive reflectivity 
on bare GaAs decreases, and eventually it becomes negative. 
The change in the reflectivity of the open gratings with film 



Frequency [MHz] 


Fig. 12. Typical frequency response of two shorted gratings with the same 
metal thickness showing phase construction and destruction. 

thickness is not so drastic as for the shorted gratings. On 
the other hand, the reflectivity on bare GaAs at f a is given 
by l.lh/X, and its value has a marginal difference between 
the shorted and the open gratings due to the very weakly 
piezoelectric regeneration. From the measurements, it should 
be noted that the sign of the reflectivity changes depending 
upon the metal thickness and zero reflectivity occurs at the 
metal thickness of 0.50% A for 0.1 A (1.6 /rm) thickness of 
the ZnO film for the shorted grating while the reflectivity for 
the open grating is always positive. The measured data shows 
relatively good agreement with the theoretical prediction. The 
difference between the theory' and the measurements may be 
due to the inaccurate effective material constants as well as the 
variation in the uniformity of the film and the metal thickness 
over the entire surface. 

The measurement of velocity shift of the grating was 
attempted from the shift of the center frequency of the grating 
only response, f ng . The shift of f og depending upon the metal 
thickness was not noticeable for both ZnO films, but the 
frequency shift between the shorted and the open grating was 
observed with the value of 0.05-0.25 MHz. It is know n that the 
regeneration of SAW from the open grating causes an increase 
in the velocity by 0.25A' 2 at i) = 0.5 [27]; thus, the measured 
values are comparable to the calculated ones of 0.18 MHz and 
0.25 MHz for 0.8 //m and 1.6 //m thickness of the ZnO film, 
respectively. 

V. Summary 

Theoretical and experimental data have been provided for 
the design of ZnO/GaAs based SAW devices, w hich may have 
the potential application for the monolithic integration of SAW 
and electronic devices. An analytical tool for SAW properties 
of a piezoelectric thin film was developed in this study, and 
its accuracy w'as verified with the experimental results of 
ZnO/GaAs substrates. 

The SAW properties of both rf magnetron and dc triode sput- 
tered ZnO films on {001 }-cut (1 10)-propagating GaAs have 
been measured and compared to theoretical calculations. The 
passivation layer improves the ZnO film quality appreciably 
for both sputtering methods by reducing the propagation loss 
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Fie. 13. Reflectivity of an aluminum electrode with \\ width and spacing 
I at /„ where the metal thickness in A is represented by h: (a) shorted 
grating, (b) open grating. 

0.5- 1.3 dB/ fis at 240 MHz depending upon the ZnO film 
thickness. The best quality of film observed has been 1.6 /im 
dc triode sputtered ZnO film with 0.2 pm Si^N^ for which 
the propagation loss was 0.9-1. 0 dB/ps at 240-280 MHz. Its 
value of K 2 would be larger than that of the film without the 
passivation layer, 0.65—0.75%. Compared with bare GaAs, this 
particular film substrate has approximately 0.6% lower SAW 
velocity, at least 10 times larger A and 0.6 dB/ ps more 
propagation loss. 

The velocity surfaces of the ZnO/GaAs substrates have been 
measured using a knife-edge laser probe and a LFBSAM and 
have been theoretically predicted. It is found that for certain 
thicknesses of ZnO film the velocity surfaces about the (110) 
direction are concave upward in contrast with the concave 
downward curvature of the bare GaAs. This causes the SAW 
to diffract as soon as it leaves the transducer. It is also found 
theoretically that a c-axis oriented hexagonal film such as AIN 
and ZnO can be utilized to control the diffraction of a cubic 
substrate such as GaAs, GaP, InAs, and InP by varying the 
film thickness. 



The reflectivity of shorted and open metal gratings has 
been analyzed and measured. The analysis showed that zero 
reflectivity could be obtained by a combination of the ZnO 
film and the metal thickness and the metallization ratio. 
Experimentally, zero reflectivity at the center frequency was 
observed at 0.5% A thickness of a shorted aluminum grating 
with ^A width and ^A spacing on 1.6 pm thick ZnO film with 
0.25 pm thick Si 3 N 4 passivation layer over GaAs. 
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5.3 An Ultra-low power ACT Device: 

In this section we describe the work done to develop an ACT device which would not 
have an IDT at all but would instead have an acoustic ring oscillator comprised of two banks of 
slanted reflectors, similar to the arrays for Reflective Array Compressors, and an acoustoelectric 
amplifier and an ACT device. This approach would allow for a single channel ACT device to 
operate at a power consumption of about lOmW ■with a 2 Volt bias. If there are efforts in the 
future to revive ACT technology, this would be the best approach as it overcomes virtually all of 
the technology’s shortcomings which have kept it out of commercial systems. This work is 
described in the attached paper: 

Cameron, T.P. and Hunt, W.D., "Slanted Reflection Gratings on Gallium Arsenide," 

Journal of Applied Physics, vol. 84, no. 4, pp. 2214-2218, August 1998. 
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Abstract banks not only circulate the energy around the loop, but 

In this paper we present the first experimental study of also define the operating frequency of the oscillator and 
the behavior of a slanted reflector array on {100} -cut, the bandwidth of the loop. In order to design an 
<110>-propagating GaAs. The thorough examination efficient loop, it was first necessary to understand the 
of both A1 stripes and grooves on GaAs unveiled operation of slanted 90° reflectors on GaAs. 
previously unknown information about the behavior of It has been demonstrated experimentally in this 
slanted gratings on { 1 00} -cut GaAs. We discovered paper, that the generation of bulk modes using grooves 
that etched grooves provide a strong reflection on GaAs appears to be nonexistent, and efficient, low 
coefficient (C=0.29) while Al stripes do not (C = loss reflectors on GaAs can be readily achieved. 

0.014). These data measurements of the reflection We begin with the theory of slanted reflectors, 
characteristics for slanted gratings on GaAs. Potential Approximations are made which enable the reflection 
device applications include an ultra-low power ACT coefficients for single steps to be experimental! v 
device which does not require an IDT. determined. The test structures used in this study are 


L INTRODUCTION 

Arrays of acoustic reflectors on surface acoustic 
wave (SAW') devices have been well studied and many 
applications have been derived from the use of both 
normal and oblique incidence reflectors, including a 
whole range of low-loss SAW filters and resonators, 
and reflective array compressors (RACs). The low-loss 
filters and resonators have been primarily based on 
normal incidence reflections. The RAC devices have 
primarily been based on oblique incidence reflections 
from a pair of slanted mirror-image reflector banks and 
it is this type of reflector array which is the subject of 
this paper. Although 90° reflectors have been well 
studied for the more common piezoelectric substrates 
such as quartz and LiNbO } [1], to the best of the 
authors' knowledge there exists no previous 
experimental study on the behavior of slanted reflectors 
on GaAs. The primary technological motivation for this 
work was to develop an efficient reflector which could 
be used as a key component in a acoustic ring oscillator 
(ARO) for an Acoustic Charge Transport (ACT) 
device [2], It is possible that with a pair of reflector 
banks and an acoustoelectric amplifier section, an ARO 
can be achieved such that sufficient potential for charge 
transport can be achieved with only a few volts DC 
applied to the acoustoelectric amplifier section. For this 
ARO, there would be no need for an IDT which has 
consumed so much RF power and precious real estate 
in previous ACT device architectures. The reflector 


then briefly described and the experiments to determine 
the reflection coefficients are described. As a result, the 
reflection coefficients for a single step discontinuity for 
an Al stripe and a groove are experimentally 
determined. 

II. THEORY 

The operation of slanted reflector gratings is 
illustrated in Figure 1. The SAW is launched by the 
IDT at the top left. The SAW is partially reflected by 
each stripe through 90° to the bottom track where the 
same process takes place to direct the SAW to the IDT 
at the bottom left. The predominant attributes of the 
array are the stripe period, p t , and the stripe width, a, , 
and the height of the step, h. These values not only set 
the synchronous frequency of the array, but also the 
efficiency of the reflection process. 

The angle, 4>, of the slanted reflectors must be set 
individually for a given cut of a material to reflect the 
waves at 90 degrees. For anisotropic substrates $ is 
generally not 45° but because GaAs is a cubic material 
the velocity for the incident and reflected waves in the 
grating are equal. Further the temperature 
characteristics for the wave are invariant under 90° 
rotations in the {001}-plane, hence the appropriate 
value for is 45° and the optimum angle should not 
change considerably with temperature. 

For the reflection of a wave of amplitude A on a 
single groove, the reflection coefficients for an up step 
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r u , a down step T d and the transmission coefficient t, 
for either step are from [1] 


r B 

r u =t-j- 

(1) 

A 

T- B 

r d = -r -j- 

(2) 

A 

— f'f 

(3) 


where r has been defined as the impedance 
discontinuity, which is proportional to the step height, 
h A 

i.e. r = Cr ■, B is the energy storage term proportional 
A * 2 

to the square of the step height, i.e^ = C'{^j where 

X is the acoustic wavelength, and C and C' are the first 
and second order coefficients of mechanical scattering 
which we will determined experimentally. 

The reflection coefficient for a groove, T can be 
derived by following the path of the wave and using 
equations (1), (2) and (3). When the terms of order 
(h/X) 2 are neglected, then was expressed as [ 1 ] 

B — m (4) 


g = -2 sin 0 + — cos 0) 


0 = 


0 = ? 


(5) 


( 6 ) 


r ( 

where 

. B 

2 ' 2 

and k is the wavenumber in the z direction. For the case 

for our experiments a, = X/2, so 0 becomes: 

* 

B 

2 2 

Now, for the metal thickness under consideration (h/X 

A 

R IT 

<0.04), it can be assumed that y « so 0 is taken 

as nl 2, making the magnitude of T 

|rj = 2r (7) 

In the case where a t = X, then 0 = tt, which leads to 

|r *| =B (8) 

Equations (7) and (8) allow approximate values of C 
and C' to be determined experimentally by using 
gratings with widths of X/2 and X respectively. An 
experiment, conducted for grooves on Y-Z LiNb0 3 
by Melngailis and Li [4], showed a significant 
difference in constants for normal and oblique 
incidence. Hence, the values predicted for normal 


incidence cannot generally be applied to the oblique 
case, which supports the findings of this paper. 

III. EXPERIMENTAL RESULTS 

A. Test Structure 

Because the maximum reflection from an oblique 
grating is attained for a, = X/2 [5], we set out to 
determine the value of the impedance mismatch, r, for 
45 degree grooves and A1 stripes on GaAs. We 
designed a number of devices illustrated schematically 
in Figure 1. The test structure consisted of three IDTs 
and two reflector banks in between. The SAW was 
launched by the IDT at the upper left. The transmission 
through the reflector (T3 1) was measured by the IDT at 
the right, and the reflection from the pair of reflector 
banks (T21) was measured by the IDT at the bottom 
left. An alternative technique would have been to have 
only one reflector baric and a large IDT rotated 90 
degrees on the bottom. However, the structure we 
utilized more closely matches the reflector structure to 
be used in a ring oscillator, and hence provided more 
useful information in this case. Due to reciprocity, it 
was assumed that the responses of the gratings were 
identical, allowing the refection coefficient of a single 
reflector bank to be deduced from the measurement. 

Ten different test structures were included on 
mask set AE3.The IDTs on these devices were split 
finger IDTs with a finger width of 1.5 pm, designed to 
operate at about 238.5 MHz. The split finger IDT was 
chosen because it produces no appreciable internal 
reflections which could interfere with the measurement 
of the grating characteristics. The reflector banks all 
had a stripe and gap width of 6pm in the direction of 
propagation , corresponding to a x = X/2. 

All stripes were inclined 45°. There were two sets 
of 5 reflectors with lengths varying from 200 to 1000 
stripes, one set with open stripes and one set with all 
the stripes shorted. The IDTs and reflectors were laid 
out on two different plates, so that the metal thickness 
of the two structures could be different, and so that 
grooves could be investigated using the same mask set. 

B. Reflection Coefficient for Al Stripes 

Several sets of devices were fabricated for this 
experiment on 2 inch semi-insulating (SI) {001} -cut, 
<110>-propagating GaAs wafers. The first experiment 
performed was on Al stripes with a 100 A Cr adhesion 
layer. Stripes were investigated first as it was hoped 
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that a ring oscillator device could be simplified by 
having a single metallization layer for both the IDTs 
and the reflectors. Three AI thicknesses were deposited 
using a thermal evaporator. The meta! was 
subsequently measured using the DECTAK 3030 auto 
profiling system to the nearest 100 A. In this 
experiment the thickness of the Cr was neglected as the 
ratio of Al to Cr is large for all three cases. 

The IDT to IDT response was a measurement made 
between two IDTs with no reflectors between them as a 
benchmark on each wafer. The other two measurements 
made were T21 and T31, to evaluate the reflection and 
transmission coefficients of the grating. The reflection 
coefficient of a single grating, which was of most 
interest here, was calculated from the log magnitude of 
the S21 measurement of T21 

Ir^i = iio¥ (9) 

We assumed each grating to be identical and 
hence would contribute equally to the net reflection 
coefficient. 

From the transmission matrix model of Datta [6], 
the reflection coefficient of a grating (T ), whether 
slanted or normal, was approximated from the 
impedance mismatch Az/z simply as 

[Tgrai | = tanh(Ng~~ ) (10) 

where, to equate terminology, r used in this paper is 
equivalent to Datta's Az/z if piezoelectric shorting is 
ignored. Since the piezoelectric coupling for this cut of 
GaAs is so small, this is a reasonable assumption. 

From Equation (10), it was then straightforward 
to compute the reflection coefficient of a single step, r, 
from the measured data as 

= 2N^ tanh " 1 | I 'gn>i| (H) 

Calculated values IT^J for each of the devices in the 
experiment have been compiled in Table 1 from the 
measurement of |T21|. There are some interesting 
trends which are observed from the data in this table. 
First of all, the value of IT^J generally increases with 
metal thickness as expected. No conclusive difference 
was observed between open and shorted stripes as 
could be expected because of the low value of K : . The 
most interesting trend is the decrease in |T ,| for the 
long gratings, particularly for the thickest metal We 


attribute this phenomenon, which is contrary to the 
expected behavior, to secondary reflections in the 
grating. 

C. Multiple Reflections 

By examining the paths of triply-reflected waves, 
it was observed that at the resonant frequency of the 
grating these waves are 180° out of phase with respect 
to the singly-reflected waves [3], In Figure 2, which 
has been borrowed from [4], the effect of 
triply-reflected waves on the time response of the T21 
has been sketched. For the case of only singly-reflected 
waves, the time response would be a simple rectangular 
pulse train. The triply-reflected waves produce a 
triangular shaped pulse train. The net time response, 
then, is the convolution of the two pulse trains, 
resulting in a non-rectangular pulse train twice as long 
as would be expected if there were no multiple 
reflections. The principal effects of the multiple 
reflections are a narrowing of bandwidth of the 
frequency response and a decrease in the magnitude of 
the reflection coefficient of the grating. 

The multiple reflections model, explains precisely 
what was observed in the experimental data for the 
slanted Al gratings. For example, the time domain 
response for a 600 stripe grating with an Al thickness 
of 3800 A has showed an impulse response of T2 1 that 
followed the behavior just described. This leads two 
insights into the design of Al gratings. Longer grarings 
are not necessarily more efficient and thicker metal 
does not necessarily produce a higher net reflection 
coefficient for the grating. 

D. First Order Mechanical Scattering for AI Stripes 

Given the multiple reflections in the longer IDT, 
only the 200 stripe reflector bank was used in this 
study to approximate a value of C for Al stripes. Using 
equation (11), the value of |r| was calculated for the 
three metal thicknesses for a reflector bank with 200 
open stripes. These data are plotted in Figure 3 along 
with a linear approximation which was fitted to the data 
to approximate the slope of the line. The linear 
approximation was described by 0.0009 + 0.014 h/X. It 
was not possible to match a linear curve to the data 
without the constant term. From the work of Datta [6], 
this constant has been attributed to the reflection due to 
piezoelectric shorting. This value was determined by 
Datta for normal incidence gratings, but no previous 
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value has been reported for oblique incidence gratings. 
For normal incidence gratings, this value tow been 
calculated as -0.7*K J /2, which for this cut of GaAs 
would be 0.00049. This is on the same order of 
magnitude as the constant experimentally determined 
by the authors, but no more specific explanation of the 
difference has been attempted here. 

We computed the value of C for shorted A1 stripes 
to be approximately C = 0.014, which is a low value 
compared to that for normal incidence (0.9) predicted 
by Datta. Using this value of C=0.014, in Equation 
(11) we predicted that a metal thickness of 4.6pm 
- would be necessary to obtain = 0.99 for = 
200. A value of only 0.34 pm was calculated for = 
1000, but from the experimental data this was 
obviously not the case, due to the high level of loss 
caused by the multiple reflections in the grating. 

From this exercise, we concluded that the desired 
efficiency for a ring oscillator could not be achieved 
using a grating with A1 stripes. No other metal was 
considered for further investigation but it is possible 
that a different metal such as Au or a combination of 
metals as demonstrated by Hunt and Hunsinger for 
normal incidence gratings |8J. might provide better 
performance. To summarize, the reflection coefficient 
from single step in an A1 grating has been found to be 
small, which leads to the need for either excessively 
thick* metal layers or very- long reflector banks. The 
necessary A1 thickness is not practical for SAW device 
processing and the high loss introduced by multiple 
reflections in long gratings makes this an undesirable 
approach. This lead us to our investigation of grooves. 

E. First Order Mechanical Scattering Coefficient for 

Grooves . 

We conducted experiments on grooves similar to 

those previously described for stripes. The wafers were 
processed in the same manner as the wafers used for 
stripes up to the point where the stripes were patterned 
with the photoresist. At this point the wafers grooves 
were etched using a H,P0yH 2 0 2 m j 0 solution at a 
ratio of 3:1:50. The etch was performed at room 
temperature (~22°C). The etch rate was measured to be 
approximately 800 A per minute and the only 
peculiarity of the etch was that patterns with the 
shorting bar along the edge were reproducible, whereas 
the open strip patterns etched sporadically and could 


not be relied on to give a uniformly etched grating. 
Given the small dimensions of the grooves, the 
thickness could only be measured in the large busbar 
region. It was observed using a scanning electron 
microscope, that the etch was of uniform depth from 
the large busbar region into the smaller grooves so that 
this measurement gave a valid representation of the 
groove depth. SEM pictures of the grooves showed that 
the profile of the sidewall was inclined approximately 
45 degrees. It may be possible that a different etch 
could have produced straight sidewalls, but this profile 
produced a strong reflection coefficient, so no further 

investigation was performed. 

The same measurements and data analysis were 
performed on the grooves as previously described for 
the A1 stripes. Five samples were fabricated with 
groove depths ranging from 1000 A to 4300 A. The 
calculated values of IT^J have been tabulated in Table 
2. It was immediately obvious from the data that 
grooves provided a much higher reflection coefficient 
than did the A1 stripes. It was initially concluded, that 
stripes were less susceptible to the effects of multiple 
reflections than were the stripes. It was observed that 
the reflection coefficient did not drop off as 
dramatically for the long grating arrays. However, 
further analysis contradicted this conclusion. Upon 
further observation it became clear that because of the 
high reflectivity of the grooves, the wave penetration 
into the grating length was much less than in the A1 
stripe arrays. Hence, the effects of multiple reflections 
are not as apparent as in the A1 stripe arrays. 

The wave penetration was further investigated 
using a knife-edge laser probe to establish the effective 
length of the gratings so that the value of r could be 
deduced from the data. The knife-edge laser probe 
system is capable of measuring the relative magnitude 
and phase of the SAW as a function of position in the 
device under test. For the A1 stripes, this was not an 
issue, as the reflection coefficient was weak. For the 
deeper grooves, it was necessary to establish an 
effective length, N. ff in order to approximate the value 
of |rl, as it was found that the SAW did not penetrate 
the full 200 grooves. The method used to scan along the 
direction of propagation with the laser spot centered 
transversely in the grating. The magnitude of the SAW 
was measured at several points to establish the 
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penetration depth. The measured data for a 200 groove 
grating with 4300 A groove depth has been plotted in 
Figure 4. It was observed from this measurement that 
the SAW amplitude dropped off quickly, indicating a 
strong reflection coefficient. The effective grating 
length was taken to be the point where the amplitude 
dropped to one tenth of the incident SAW amplitude, 
which in this case was estimated to be N tff = 70. 

Using this data, combined with the measured 
value of ITjJ, the value of |r| was approximated as 
before. The experimentally calculated values of |r| have 
been plotted against normalized groove depth in Figure 
5 along with a linear curve fit. In this case, the slope, 
C, of the curve was approximated at 0.29 and no 
constant was necessary’ to obtain a good fit. This 
supports the earlier hypothesis that the constant was 
needed to account piezoelectric shorting, which does 
not exist for grooves. 

IV. SUMMARY AND CONCLUSIONS 

The thorough examination of both A! stripes and 
grooves on GaAs unveiled previously unknown 
information about the behavior of slanted gratings on 
{100}-cut GaAs. Although it was initially hoped that 
the AJ stripes would have made efficient gratings, this 
did not turn out to be the case. It was, however, 
discovered that etched grooves provided a strong 
reflection coefficient. Previously unreported values for 
mechanical reflection coefficients have been 
approximated in this paper from measured data. 
Although the experiments were affected somewhat by 
multiple reflections, these constants provide a good first 
order design rule for the design of slanted gratings on 
GaAs. Based on this study it seems feasible that an 
acoustic ring oscillator can be fabricated on GaAs 
~ using groove reflector array s. 
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Table 1: Values of (T^ | calculated for A1 stripes 
from measured data 

Thickness (A) 


N r* 

1,000 

1,500 

5,800 

200Open 

0.42 

0.47 

0.56 

200Short 

0.43 

0.46 

0.54 

4000 

0.5 

0.53 

0.65 

400S 

0.48 

0.52 

0.62 

6000 

0.56 

0.56 

0.70 

600S 

0.54 

0.54 

0.71 

8000 

0.56 

0.57 

0.63 

800S 

0.55 

0.54 

0.65 

10000 

0.57 

0.42 

0.51 

1000S 

0.52 

0.41 

0.50 

Table 2: Values of IT^ | calculated 
measured data 

Groove Depth (A) 

N 

*nt 

1,000 

1,500 

2,700 

200 

0.65 

0.71 

0.86 

400 

0.72 

0.78 

0.97 

600 

0.72 

0.83 

0.96 

800 

0.75 

0.87 

0.95 

1000 

0.76 

0.80 

0.95 


1997 IEEE ULTRASONICS SYMPOSIUM - 15 


Port 1 



Port 2 

Rtrtoctton 

Out 

Fig. I: Slanted reflective array test structure 






Fig. 4: Normalized SAW amplitude versus depth into 
the grating as measured using the laser probe. 
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Fig. 2: Effects of multiple reflections on T21(t) [4] 




Fig. 5: Reflection coefficient of a single step, |r|, 
calculated from measured data for 200 grooves versus 
h/X (+) and the fit curve used to calculate C (solid). 


Fig 3: |r| measured for 200 A1 stripes h/X (+) and curve 
fit used to calculate C(-) 
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5.4 SAW Mode Profile Design and Analysis: 

Given architecture of the ACT Imager, the photodiode array presents itself acoustically as 

a multichannel device with a plethora of waveguides. In an effort to develop the tools for this 

complex structure, we introduced stack matrix theory as a way of predicting the mode profiles 

for arbitrary waveguide structures. This approach has been adapted as the industry standard for 

the design of SAW Waveguide-coupled resonators. Once the SAW velocities in the various 

materials of the ACT imager structure are known, the stack matrix theory can be used to predict 

mode profiles and to design the structures’ acoustic arrangement to optimize the imager structure 

acoustic operation. This work is described in the attached paper: 

Hunt, W.D., Cameron, T., Saw, J.C.B, Kim, Y. and Suthers, M., "Mode profiles in 
waveguide-coupled resonators," Journal of Applied Physics, vol. 74, no. 8, pp 4886- 
4893, October 1993. 
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.Mode profiles in waveguide-coupled resonators 
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and Mark S. Slithers*’ 

School of Electrical Engineering, The Microelectronics Research Center, Georgia Institute of Technology . 
Atlanta, Georgia 30332 

(Received 7 October 1992; accepted for publication 16 June 1993) 

Surface acoustic wave (SAW) waveguide-coupled resonators are of considerable interest for 
narrow-band filter applications, though to date there has been very little published on the 
acoustic details of their operation. As in any resonator, one must fully understand its mode 
structure and herein we study the SAW mode profiles in these devices. Transverse mode profiles 
in the resonant cavity of the device were measured at various frequencies of interest using a 
knife-edge laser probe. In addition we predict the mode profiles for the device structure by two 
independent methods. One is a stack-matrix approach adapted from integrated optics and the 
other is a conventional analytical eigenmode analysis of the Helmholtz equation. Both modeling 
techniques are in good agreement with the measured results. 


1. INTRODUCTION 

Surface acoustic wave (SAW) waveguide-coupled 
(WGC) resonators, as shown in Fig. 1, are a class of de- 
vices which are proving to be quite useful in narrow-band 
filtering applications. Though these devices were proposed 
quite some time ago 1 there have since been only a few 
papers published on these devices. Tanaka et al } have pub- 
lished the most comprehensive analysis of the WGC reso- 
nator to date, using an analytical modal analysis to predict 
the resonant frequencies of the device and the frequencies 
of the spurious modes. Their work provides a relatively 
comprehensive introduction to the device, giving the 
reader an intuitive feel for the relationship between the 
transducer overlap width W t coupling gap G, and the 
mode structure. However, they have not published an ac- 
curate means of predicting the frequencies of the resonant 
and spurious modes. 

Gopani and Horine 3 more recently have presented the 
frequency characteristics of various WGC resonators they 
have fabricated. Their results indicate they have been able 
to reduce the level of the spurious modes considerably but 
they provide no insights into their methods for achieving 
this result. 

In the process of designing a WGC resonator for a 
specific application one is typically concerned about the 
center frequency and bandwidth of the device as well as the 
spurious modes of the device. These devices are quite com- 
plicated and a detailed understanding must employ both 
the coupling of modes (COM) analysis 4,5 and the treat- 
ment of the device as a SAW structure supporting a col- 
lection of guided modes. Both of these analyses are key but 
in this paper we will focus principally on the SAW wave- 
guide aspects of the WGC resonator. It is by the investi- 
gation of these modes that one can better understand the 
frequency response of the device and in particular the spec- 
tral location and strength of spurious modes. 

For this investigation a number of WGC resonator 
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devices were designed and fabricated each with different 
values for W , G , and cavity length C. Numerous measure- 
ments were made to determine the relationship between 
device geometry and the device transfer function but herein 
we will only discuss the amplitude and phase profiles of the 
SAW transverse modes which were measured using i 
knife-edge laser probe. 6 In general, our approach was to 
measure the transverse mode profiles at the resonant fre- 
quencies associated with peaks in the magnitude response 
of the transfer function of the WGC resonator. 

In this paper we predict the transverse beam profiles by 
two distinctly different techniques. These methods yield 
the eigenmodes of the device structure and they compart 
favorably in shape with the mode profiles measured using 
the laser probe. The comparison is not precise, however, 
primarily because our predictions represent the eigen- 
modes of the structure and our laser probe measurements 
indicate the SAW profile at a given frequency for a source 
condition not considered in either of the theoretical treat- 
ments. Even so the corroboration between theory and ex- 
periment represents a considerable increase in the collec- 
tive understanding of WGC resonators. 

In Sec. II we discuss the physical layout of the device 
and present a representative frequency response for the 
device. In Sec. Ill we present both of our methods fof 
calculating eigenmodes for this structure. And finally ® 
Sec. IV we present our experimental results and comp*** 
these with our theoretical predictions. 


II. DEVICE DESCRIPTION 

Our design for the WGC resonator is shown schema!* 
ically in Fig. 1. The device can be thought of as two one* 
port SAW resonators coupled acoustically by the overlap 
of their respective eigenmodes. To first order the device 
operates in the following manner. The input signal excite* 
the surface acoustic wave in the upper resonator and v* 
acoustic energy that couples into the lower resonator * 
then converted to an output electrical signal by the 
electric action of the substrate material. A more dettil* 
and thorough description of the device operation require** 
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FIG. 1. Schematic layout for a waveguide-coupled resonator. 

COM analysis 4 ’ 5 which incorporates the currents and volt- 
ages of the input and output transducers as well as the 
forward and backward surface acoustic waves in the upper 
and lower resonators. One of the important parameters in 
the COM analysis is the coupling factor which describes 
bow the SAW energy in one resonator couples to the SAW 
energy in the other resonator. The acoustic portion of this 
coupling would, in the present case, be related to the over- 
lap integral of the eigenmodes of the two resonators. We 
will not in this paper be treating the COM analysis but will 
instead be laying the foundation for such a treatment by 
investigating thoroughly the eigenmodes of the WGC res- 
onator. 

In Fig. 2 we present the transfer function for a typical 
WGC resonator and it will be shown by theory and exper- 
iment in this paper that the eigenmodes play a vital role in 
determining the characteristics of the device transfer func- 
tion. The passband response as well as the spurious re- 
sponse are set by the mode structure within the device. 
Peaks in the frequency response occur near frequencies 
which support both longitudinal and transverse modes. As 
will be shown, the lower edge of the passband f s ,, in Fig. 
2 is a symmetric mode and the upper edge of the passband 



80.37 80.77 - 81.17 81.57 81.97 

Frequency (MHz) 

FIG. 2. Transfer function for a WGC resonator. 
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FIG. 3. WGC resonator as an array of five contiguous SAW propagation 
strips. 

f a \ is an antisymmetric mode. The nearby spurious mode 
fai is a higher-order antisymmetric mode and at about the 
more distant frequency f h the mode profiles associated 
with fsu fa\> and fa 2 are replicated about the next longi- 
tudinal mode frequency. The synthesis task which presents 
itself to the designer is to control the strength and location 
of these modes through design. The present work is a step 
towards this goal in as much as it provides some of the 
tools necessary to effectively perform this synthesis. Device 
dimensions and metallization thickness represent the prin- 
cipal design choices which must be made. 

111. METHODS FOR EIGENMODE CALCULATIONS 

In the following two subsections we present two inde- 
pendent methods for predicting the mode profiles in the 
WGC resonator. Both are later compared with the exper- 
imental results. 

A. Analytical prediction of eigenmode structure 

In order to analyze guided modes in a SAW wave- 
guide, Knowles’ scalar potential has been most widely used 
due to its simplicity. 7 According to Knowles’ analysis, the 
normal component of the displacement at the surface is 
proportional to a scalar potential (f> for a semi-infinite iso- 
tropic solid. 8 Moreover, this component of displacement 
can be directly measured by the knife-edge laser probe 
which was used for the experimental work presented later 
in this paper. Knowles* scalar potential will be used for the 
analytical approach as well as the stack matrix approach 
presented in the next subsection. The analytical approach 
is essentially a boundary value problem wherein the Helm- 
holtz equation is solved for the scalar potential in the re- 
gions of different velocity within the waveguide structure 
and the boundary conditions of continuity are satisfied at 
each lateral interface. This approach is not as versatile as 
the stack matrix approach presented later. 

We begin by thinking of the WGC resonator as noth- 
ing more than an array of five contiguous strips — each 
having a different velocity as shown in Fig. 3. Observe that 
we have, in the present analysis, only two distinct veloci- 
ties. It should also be noted that in this paper we will not 
be addressing the issue of reflections within the device 
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structure, nor will we be considering the source conditions 
associated with the transducer SAW generation. The latter, 
in particular, will be the subject of future research. 

Once we have segmented the WGC resonator into the 
five strips along the z direction of uniform velocity we 
proceed by solving the Helmholtz equation for the scalar 
potential <f > , 



where <f> s =lhc scalar potential for the semimetallized re- 
gion, = the scalar potential for the metallized region, 
F 5 =the SAW velocity in the semimetallized region, 

V m = the SAW velocity in the metallized region, and 
a) = angular frequency. 

We have assumed the z dependence for these scalar 
potentials to be of the form i.e., we are assum- 

ing the SAW propagation to be predominantly along the 
long axis of the WGC resonator. Under this assumption, 
the scalar potentials in each of the velocity regions of the 
resonator will be 

<j>i=Dy sinh(/c^x) + Z ?2 cosh(A|„x), 

4>u = D 3 sin(A'x) + D t cos (A>), 

= D 5 sinh (A>) + Z> 6 cosh ( A» , (2) 

4> iy = D 7 sm(k' s x) + D s cos ( k' s x ) , 

d> v = D 9 sinh(A» 4- X5j 0 cosh(A>), 

where the term has been dropped for clarity. Fur- 

ther, we have from the Helmholtz equation above that 

0) co n 0) 

km= v m ' ki= y s ' p= y^<- 

By applying the boundary conditions between the various 
regions of the structure that the scalar potential and its first 
derivative with respect to x are continuous, we can arrive 
at a dispersion equation which will enable us to compute 
the mode velocity F modc . In addition we must recognize 
that there are symmetric and antisymmetric solutions to 
Eq. ( 1 ) and we must make judicious choices about the 
coefficients in Eq. (2) which can be set to zero. 

Let us consider first the symmetric case. The require- 
ment of symmetry about x=0 will force D$ to be zero and 
hence we will have the symmetric form for the scalar po- 
tential in region III, i.e., d>m = D b cosh(k^x). For consis- 
tency and simplicity we take the form of the scalar poten- 
tial in region II to be <f> u = D’ A cos (k’ s x + 6). Applying the 
continuity boundary conditions at x=o we will have 

D 6 cosh(k'„fl) = D A cos{k' s a+6), 

D 6 k' m sinh(A>) = - D' A k' s sin (k' s a + 6), 
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and by taking the ratio of these two equations we can 
eliminate the coefficients and have 


r 

: X*a- 


k' m tanh {k' m a) = —k' s tan(/c'a + 0), 
0=tan -1 ^— -^tdxfti(k'ji) j— k' s a. 


(5) 


In region I we can assume that the bus bar is wide enough 
that the scalar potential will go to zero at x=c. As such we 
can represent the scalar potential in that region as ^ 
= D 2 sinh(k^(x - c)). Applying the boundary conditions 
at x=b we then have 


D' 4 cos(k' s b+e) = D' 1 smh(k'Jb-c)), 

- D\k\ sin ( k' s b + 6) = D' 2 k' m cosh (k' m ( b - c ) ), 


( 6 ) 


and by taking the ratio of these two equations and using 
the expression for 6 presented in Eq. (5) we have 


— k' s tan 


A'(b— a) 4- tan 


l K 


tanhfA^a) 


= k' m coth{k' m {b-c)). 

This can be simplified to be of the form 


( 7 ) 


k\ (b 


_Jk' m 
-a)=un- ^ 


coth(A^(c— b)) 


+ tan 


It 


tanh(A^a) 


(8) 


This transcendental dispersion relation can be solved for 
the mode velocity K mode , which can in turn be used to find 
the resonant frequency for this mode given by 
/= F mod </2L, where L is the grating period within the 
resonator defined in Fig. 1. The resonant frequencies asso- 
ciated with the symmetric modes will be represented as 
f sn . Once we have the mode velocity we can sketch the 
mode profiles from the scalar potentials. 

For the antisymmetric case we will take the odd form 
of the scalar potential in region III, i.e., 

= X» 5 sinh(A^) and for simplicity take the form of the 
scalar potential in region II to be d>u = D\ cos {k s x + $)• 
Again in region I we will take the scalar potential to be 
4> x = D, sinh[A^(x - c)]. By proceeding in a manner sim- 
ilar to that presented above for the symmetric case we can 
obtain the dispersion relation 

A'(&— a)=tan~ , ^j^coth[A| n (&— c)] j 


4- tan '^cothfA^a) j. 


In the same manner as was described for the symmetric 
case we can obtain the resonant frequencies f an associat 
with the antisymmetric modes as well as the attendan 
mode profile. A comparison between the theoretical pre- 
dictions and the experimental results will be presented >° 
Sec. IV. 
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FIG. 5. SAW velocity profile in an arbitrary jV-multichanne! waveguide, 
where V { is the velocity and C, is the stiffness constant in the /th region, 
respectively. The width of the rth channel is given as W { . 


FIG. 4. Normalized frequency difference as a function of resonator pa- 
rameters ( W and G) . 


Another product of the analysis which is important in 
the process of filter synthesis involves the relationship be- 
tween the symmetric and antisymmetric mode frequencies 
and the WGC resonator design features such as the values 
for a, by and c shown in Fig. 3 as well as the SAW velocity 
in the various strips. For a given set of design criteria the 
dispersion relations represented by Eqs. (8) and (9) can be 
solved to find these frequencies. Tanaka et at. 2 presented 
both theoretical and experimental data for the normalized 
frequency difference between the first symmetric and first 
antisymmetric modes for a group of WGC resonators; 
however, there was not good agreement between theory 
and experiment. Upon further investigation we found that 
incorporation of the anisotropic nature of the substrate 
leads to faithful predictions of this normalized frequency 
difference. If the conventional assumption is made that the 
velocity anisotropy can be approximated by a parabola, 11 
the velocity profile is represented by 

r(9) = Vo^+a yj, (10) 

where K 0 is the velocity along a pure mode axis and V(9) 
is the velocity along some direction at an angle 6 from the 
pure mode axis, and a is the anisotropy factor. After some 
^gebraic manipulation 12 we can represent the appropriate 
Portions of Eq. (3) as Eq. (3) can be rewritten as 

*; 2 =0 2 -(l +ajk 2 m , 

, (ID 

*; 2 =(l+a f )^-/3 2 , 

where a m and a s represent the anisotropy coefficient for the 
Metallized and semimetallized regions, respectively. For 
^nplicity we have used the value of the anisotropy coeffi- 
vle nt for STX quartz, a =0.378, for both a m and a s . The 
Nations presented in Eq. (11) were then used in Eqs. (8) 
^ (9) and the normalized frequency difference was com- 
Puted for several values of W and G. The results of these 
filiations are presented in Fig. 4 along with the experi- 
mental data of Tanaka et at. 2 The inclusion of the anisot- 


ropy factor brings the theory in very close agreement with 
the experimental results — much closer than when the an- 
isotropy is not included. 


B. Stack matrix theory 


The transverse profile of the SAW velocity in a general 
N multichannel waveguide structure is schematically 
shown in Fig. 5 The coordinate system is chosen so that the 
x axis is along the transverse direction and the z axis is 
along the propagation direction. The wave is guided in the 
slow velocity sections by the nature of the waveguide. In 
order to analyze guided modes in a SAW waveguide, we 
will use the Knowles* scalar potential used for the work 
presented in Sec. II A. 

The propagation equation of the scalar potential <f> it at 
the surface in section /, is given by a second-order ordinary 
differential equation as follows: 





<t>i(x)= 0, 


( 12 ) 


where /? is the longitudinal propagation constant, co is the 
angular frequency, and V t -(x) is the SAW velocity in the 
/th section. 

A general solution of this equation is 


Mx )=A i e-' k * x +B^ k ‘ x , (13) 

where — yjco 2 /Vj—P 2 . We have made the conventional 
assumption that the z dependence is e~^ z and the time 
dependence is e'"'. 

The boundary conditions at the interface between the 
/th and the (/-h 1 ) th section shown in Fig. 5 are that the 
displacement and the stress are continuous. These bound- 
ary conditions can be denoted by 


| *.==<£,+ ! I V 

(14) 

Cti\ x =C i+l $ + x lx, 

where C, is an effective stiffness constant of the it h section 
and the prime denotes differentiation with respect to jc. 

The close analogy between the scalar potential in SAW 
and the electric field in optical wave makes it possible to 
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use theories previously developed for the optical 
waveguides. Among various techniques for calculating the 
fields in optical waveguides, stack matrix theory has been 
adapted herein due to its capacity for treating arbitrary 
structures. Only the key portion of the theory is described 
in this paper and those seeking more details are referred to 
Kogelnik and Shank’s formulation. 9 

Stack matrix theory begins by defining the continuous 
components used in the boundary condition to be the field 
variables U and W as follows: 


fV,= CJ’(x) =jk,C i { -Afi- Jk <*+ 


(15) 


After some algebraic manipulations, one can obtain a 
simple relationship between two adjacent field variables as 
follows: 


Ut - 1 
W'.'-I 


cos k,W; 
Cjkj sin kjWj 


cos k,Wj 


V, 

W, 


= M, 


V; 

W, 

(16) 

where u>, is the width of the /th section and M, is the 
characteristic matrix of the section. It should be noted that 
the x axis is shifted so that each interface position of the 
corresponding field variables is to become zero. The re- 
peated application of the boundary conditions at each in- 
terface is accomplished by the concatenation of each M,. 
Therefore, the characteristic matrix of the stack M , which 
includes the entire structure, is given by 


(17) 


C/ 0 1 


V s 

W 0 =m x m 2 - 


. V s 


=M 


V \ 1 


m ii m 12 * 

V N 1 

W K \ 


m 2 ) 

w * 


For the guided wave solutions, 6 should be evanescent 
at both ends, i.e., for both i — 0 and i=N sections. This 
guided condition is satisfied by a pure imaginary value of kj 
at both sides and B o =A a + 1 =0. This can be expressed by 
the field variables 


\V 0 


A 0 • 



Qy<yV 


and 


Vs 1 

Bs + 1 

yr* ~ 

— Cs+lYn+\Bs+\ 


(18) 


(19) 


where Yo = j yjp 2 — (<u 2 /Fo) , Ys+ i — J 'iP 2 — {oj 2 /V 2 n ^ , ) . 
Inserting these expressions into the stack matrix relation, 
one can obtain 


A 0 


m n m n 

Bs + 1 

VoYoAq] 


m 2 \ mil 

. — Cs+\Ys+\ b n+\ 


A rearrangement leads to a matrix equation 


1 ““/wn + C , A r +1 7 jV+1 mi2 

[ A 0 i 


0 

0)70 ” m 21 + CjV -|-1 YN+ l m 22 

Bs+ 1. 


0 


V, V, V, V. V, 




|V 3 V, v 4 V 3 V, 


w « w » "J J 


w, w, 


V, - 3158 m/s 
V a - 3156 m/s 
V 3 - 3141.5 m/s 
V, - 3125 m/s 


w, - 12.82X 
w ? ■* 0.25X 
w 3 - 9.88 X 
w 4 - 0.43 X 
w, « 0.86 X 


( 20 ) 


( 21 ) 


FIG. 6. SAW velocity profile for our WGC resonator. 

In order to obtain a nontrivial solution, the determi- 
nant of the matrix must be set to zero thus yielding the 
dispersion relation for the waveguide. For the general mul- 
tichannel waveguide structures, a numerical method is nec- 
essary to solve the matrix equation. 

The velocity profile representative of the WGC reso- 
nator is shown in Fig. 6. The velocities presented in this 
figure are F,=free surface velocity on STX quartz, 
V 2 = velocity underneath the aluminum bus bars, 
y } = velocity in the region between the ends of the IDT 
electrodes and the bus bars, V A = velocity in the region of 
overlap between the IDT fingers and we have used stan- 
dard methods 11 to compute the values. If we assume the 
velocities are isotropic, we can obtain the maximum angle 
the acoustic energy deviates from the longitudinal direc- 
tion to be 0=005-' (IVK,), where and V, are the 
slowest and the fastest velocities, respectively. Using the 
values of 3125 and 3158 m/s for V A and V u respectively, 
we can expect the angle to be about 8.3*. If we now con- 
sider the true anisotropic nature of the velocity on STX 
quartz we see that the velocity change over this 8.3” is only 
—0.3%. 10 Therefore, we can assume that the velocity is 
isotropic without appreciably affecting the predicted mode 
profiles. The effective stiffness constants are used in the 
boundary condition presented in Eq. ( 3 ) are assumed to be 
the same because each section is elastically very similar in 
this kind of low dispersion waveguide. 

IV. MEASUREMENTS AND RESULTS 

In this section we will present experimental measure- 
ments of a WGC resonator on STX quartz which had an 
electrode thickness to SAW wavelength ratio of —2% 
will compare these results with theoretical predictions 
based on the methods presented in Sec. III. Though nu* 
merous devices were fabricated and tested we will P rcs£I1 
only the results from one of these which had strong spa* 1 ' 
ous modes. While this device would not be good 
system application, it was an ideal device for our m<*> 
profile measurements. The mode profiles we present ^ 
this one device are indeed representative of the profiles * 
measured for a large number of devices. 
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The device was mounted on the computer-controlled 
jfanslation stage of our knife-edge laser probe and leveled, 
fhe details of operation of this apparatus have been de- 
scribed previously 6 and will not be repeated here. It is 
sufficient to say that the laser probe allows us to measure 
{be magnitude and phase of a Rayleigh wave at various 
locations throughout the device. For these experiments the 
kser spot at the surface of the device was ~4 /zm in di- 
ameter and the signal-to-noise ratio of the measurements 
was typically 60 dB. The successful operation of the laser 
probe requires that the location of the scan on the surface 
of the device have a reasonable reflectance. It is difficult to 
obtain a strong laser probe signal on a translucent material 
such as quartz and so the measurements were made with 
the laser spot on the aluminum electrodes of the interdig- 
itated transducer (IDT) and the reflector grating rather 
than on the bare quartz gaps between the electrodes. 

From the device transfer function shown in Fig. 2 we 
select the frequencies at which we wish to make transverse 
laser probe scans in the x direction as indicated in Fig. 1. 
For example, if we wish to measure the mode profile for 
the first symmetric mode we set the SAW drive for the 
device at the first symmetric mode frequency f sl , and scan 
transverse to the direction of SAW propagation. Similarly 
we can select the frequencies associated with any of the 
spurious modes which appear in the transfer function and 
measure the associated mode profiles. 

For the mode profile data we present the origin of the 
coordinate system was selected to be on the central bus bar 
in the center of the resonator cavity. Another way to look 
at this is to say that the origin was selected to be at the 
geometric center of the device. For the three mode profiles 
we show the scans were taken transverse to the predomi- 
nant direction of SAW propagation at the center of the 
cavity. The positive values of the transverse dimension (*) 
as shown in Fig. 7 through 9 represent the track driven by 
the input signal and the negative values represent the out- 
put track. In order to obtain the symmetric mode profiles 
the device was driven symmetrically, i.e., the same signal 
was applied to the input and output transducers. For the 
antisymmetric mode profiles a balun was used so that the 
input and output transducers could be driven 180° out of 
phase. 

In Fig. 7(a) we show the measured and predicted nor- 
malized magnitudes of the first symmetric mode which 
°ccurred at 81.153 MHz. The magnitude is expressed in 
arbitrary units (A.U. ). Both theoretical approaches very 
c losely predict the measured results with the profile reach- 
m S> peaks in the middle of the input and output tracks and 
* local minimum on the grounded bus bar between. In Fig. 
(b) we present the phase for the first symmetric mode 
mid see again that there is relatively close agreement be- 
theory and experiment. It should be pointed out that 
1 e Phase is indicative of the phasor relationship between 
1 e rf signal driving the SAW transducer as it leaves the 
netw °rk analyzer and the amplified photodetector signal 
^ceived by the network analyzer. As such the phase, as is 
c case for the magnitude, can at best be regarded as a 
re at ive, not an absolute, measurement. 


First Symmetric Mode 
Device; 6NR 5 



First Symmetric Mode 
Device; £NR 5 



FIG. 7, Transverse beam profile for first symmetric mode (a) magnitude, 
( b ) phase. 


In Fig. 8 we present the magnitude and phase for the 
mode profile of the first antisymmetric mode which oc- 
curred at 81.1887 MHz. Again there is good comparison 
between theory and experiment for both the magnitude 
and phase. The magnitude profile, shown in Fig. 8(a), is of 
course quite similar to that for the first symmetric mode 
with the exception that the profile goes to zero at the cen- 
tral bus bar for the antisymmetric mode. 

In Fig. 9 we present the magnitude and phase for the 
mode profile of the second antisymmetric mode which oc- 
curred at 81.446 MHz. As has been the case for the pre- 
vious modes discussed there is good agreement between 
theory and experiment with regard to the overall shape of 
both the magnitude and the phase but not quite as good. 
Note in particular that the predicted nulls at the center of 
the transducer regions ( — ±220 /zm) do not occur for the 
measured profile and this can best be explained as follows. 
For our experiments with the laser probe we measure the 
SAW profile generated in the device at a single drive fre- 
quency under specific drive conditions. What we have 
found from experience is that we are measuring the sum of 
all of the mode profiles that are generated at this single 
frequency. For the second antisymmetric mode shown in 
Fig. 9 we drove the input and output transducers 180° out 
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beam profile for second antisymmetric mode (a) 


of phase and as such generated a number of antisymmetric 
modes. Predominant among these are the second antisym- 
metric mode and a weakened first antisymmetric mode. 
One can then view the absence of the deep nulls predicted 
for Fig. 9 as the sum of the nearly zero amplitude for the 
second antisymmetric mode with the peak amplitude of the 
first antisymmetric mode. 

V. SUMMARY AND CONCLUSIONS 

In this paper we have presented both experimental and 
theoretical work on the mode profiles in WGC resonators. 
The two independent methods for predicting the mode pro- 
files are reasonably accurate though the stack matrix the- 
ory method is the most versatile of the two. This paper 
represents, to the best of our knowledge, the first use of 
stack matrix theory to predict mode profiles in SAW struc- 
tures. The versatility and accuracy of this technique makes 
it useful for the calculation of mode profiles in comp 1 - 
cated, multichannel SAW and ACT devices. In addition 
the anisotropic nature of the SAW velocity was included 
yielding a more accurate prediction of the normalized fre- 
quency difference and hence a superior filter design tool. 
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5.5 Suggestions for Future Work: 

We have had some recent inquiries regarding ACT device work and it is felt that a first 
step would be a study to see if one of the existing GaAs device architectures for commercially 
available RFICs could be used for ACT devices. If the ACT device can be made to piggyback 
on an existing process then we believe the prospects are very good that cost-effective devices can 
be manufactured. It would also be advisable to use the IDT-less ACT approach which we have 
developed along with a ZnO overlay. In this manner the imager chip could be driven by a 
modest voltage and power with no need for timing circuitry. Also, if the imager requires too 
large a capital investment in light of the (now) current availability of Silicon CCD imagers for 
HDTV, the ACT technology may provide a good way to realize a high speed image processing 
chip for HDTV. Prior to digitization, the ACT could be used for on chip image enhancement 
which could process data in both space and time. 
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KODAK 




HDTV Prototype Imaging System 


Introduction 

The HDTV imaging system is a prototype system and therefore not intended for scientific 
imaging applications. Like all prototypes, it has many limitations which affect image quality and 
hardware reliability. This prototype camera features the Kodak KAI-2091M high-definition 
monochrome image sensor. This progressive scanned charge-coupled device (CCD) can operate at 
video frame rates and has 9 micron square pixels for easy image processing. The photosensitive 
area has a 16:9 aspect ratio and is consistent with the "Common Image Format" (CIF). It features 
an active image area of 1928 horizontal X 1084 vertical pixels and has a 55% fill factor. The 
camera is designed to operate in continuous mode with an output data rate of 5 M Hz, which gives a 
maximum frame rate of 4 fps. Due to frame buffer limitations of the ITI imaging system, only the 
first 1024 lines can be processed and displayed. 

Imaging System Setup and Operation 

To setup the ITI imaging system, connect the two Sony monitors, keyboard, and mouse to 
the m computer. There are two monitor connectors located on the back of the computer. Either 
monitor can be attached to either monitor connector. One monitor is used to view images while the 
other is used to operate the computer. A power cord for each monitor and the computer also need 
to be connected. To setup the camera, attach the Nikor zoom lens (70-2 10mm) to the front of the 
camera. Plug the camera power supply into a standard wall outlet. Make sure the camera supply is 
turned off. Connect the camera power supply cable to the camera using the 9 pin pigtail connector. 
Connect the 68 pin SCSI connector from the camera to the ITI imaging system. Apply power to the 
camera by turning on the camera power supply. Apply power to the ITI imaging system. Once the 



ITI system has booted, choose the HDTV icon to operate the camera. To obtain the best possible 
picture, adjust the lens to control the amount of light entering the camera. This can be 
accomplished by opening and closing the lens aperture. 

Power Requirements 

A power box containing several linear commercial power supplies provides the power to 
run the camera head through a 9 pin pigtail connector. The power box operates off a standard 
115VAC 3 prong wall socket and is . fused to protect the internal supplies according to 
manufacturer specifications. The current draw from each internal linear supply is shown below. 
The .5 amps @ +5VDC required to power the termination resistors for the 68 pin SCSI cable is 
included in the totals below. 

1.35 amps @ +5 volts DC 
.12 amps @ +15 volts DC 
.08 amps @ -15 volts DC 
.05 amps @ +24 volts DC 

To ensure the correct polarity for all DC operating voltages, use the power box and cable 
provided with the camera. If a different power supply is used, the camera may be permanently 
damaged if the DC voltage polarities are reversed. 


Prototype Camera Performance 

Black Level Adjusted to no light condition 

Scanning Non-Interlaced, progressive 

Synchronization Internal pixel clock, line sync, frame sync 

Resolution 8 bits 

Pixel Clock Rate 5MHz 

Frame Rate 4 fps 

Interface Specifications 

The AIA interface connector is a 68 pin, high density, dual row, D-type connector. The 
connector has .050 pin spacing and a D-type shell that is 2.5 inches long. The connector carries the 
signals needed to interface the camera to the ITI frame grabber. The signals include the two digital 
video output channels, A and B, each with eight bits labeled DAT AO through DATA7. DATAO is 
the least significant bit and DATA7 is the most significant bit. In addition, there are three timing 
output signals which control the transfer of video data. They are the FRAME ENABLE, LINE 
ENABLE, and PIXEL DATA STROBE. All signals are output as differential pairs with signal 
levels conforming to the RS422 specification. The noninverting part of the differential pair is 
present on the (+) output, while the inverting part of the differential pair is present on the (-) output. 
The chart below lists each signal name and its pin number. 



68 pin camera connector 
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41 
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16 
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44 
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59 
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29 
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Signal Name 

AD AT A 04 - 
AD AT A 0- 
ADATA 1+ 

ADATA 1- 
ADATA2+ 

ADATA 2- 
ADATA 3+ 

ADATA 3- 
ADATA4+ 

ADATA 4- 
ADATA 5+ 

ADATA 5- 
ADATA 6+ 

ADATA 6- 
ADATA 7+ 

ADATA 7- 
BDATA 0+ 

BDATA 0- 
BDATA 1+ 

BDATA 1- 
BDATA 2+ 

BDATA 2- 
BDATA3+ 

BDATA 3- 
BDATA4+ 

BDATA 4- 
BDATA 5+ 

BDATA 5- 
BDATA 6+ 

BDATA 6- 
BDATA 7+ 

BDATA 7- 
FRAME ENABLE+ 
FRAME ENABLE- 
LINE ENABLE+ 

LINE ENABLE- 
PIXEL DATA STROBE+ 
PIXEL DATA STROBE- 
EXP+ 

EXP- 

GND 


44 pin ITI connector 
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Prototype Camera Head Design 

The HDTV camera head design is partially based on the MITE camera head design. The 
electronics has been modified to meet the requirements of the HDTV sensor and is designed for 
maximum flexibility and testability. All clock drivers and biases can be adjusted without changing 
components. Sensor timing is generated using one EPLD. All EPLD outputs are routed to 
diagnostic connectors which interface directly to a logic analyzer. This allows timing performance 
to be monitored while viewing the image data. 

All sensor timing is based on a 80MHz crystal which feeds the global clock input to each 
EPLD. The 80MHz clock, provides a minimum time resolution of 12.5ns. Code was then 
developed using Altera's Max PLUS II software to create the clock signals required by the sensor. 
The sensor is currently being clocked at 1/16 the crystal frequency or 5MHz. This provides a 
camera frame rate of approximately 4 frames/sec. 

All timing logic was simulated using the Altera Max Plus II software. Each simulation 
allows you to verify your logic by displaying the timing visually. If the simulator shows a logic 
problem, you can easily modify the timing equations, recompile the program, and simulate the 
waveforms again. A number of simulations were performed using various clocking scenarios to 
determine optimal performance for this system. 

The camera head electronics was packaged to fit on one 6x8 circuit board to eliminate 
sending the 80MHz clock signal between boards. The three EPLD's are co-located to minimize the 
distance to the 80MHz crystal. Two EPLD's perform the digital clamp and sample for video 
channel A and B. The third EPLD generates timing signals for the sensor and frame grabber 


interface. 



Since there are two output video channels, the gain and offset of each channel must be 
closely matched to minimize line to line shading. Both these parameters are factory set. The black 
level can be monitored by viewing the video output with the lens capped. The gain is set so the 
video output signal is at maximum amplitude when the detector reaches saturation. 

System Level Integration 

To view HDTV images, the Camera Head was integrated with an ITI frame grabber and 
image display system. The ITI system consists of a PC with ITI image processing boards and 
software. Application code was developed using the ITI software development tools to acquire, 
process, and display images from the camera head via an RS 422 interface. The IM-PCI image 
processing card can handle two 20MHz data channels which correspond with the two video taps 
from the camera head. This allows the ITI system to theoretically handle and display image data at 
15 frames/sec. 

The ITI imaging system is packaged in a standard I9 M rack mountable industrial chassis. It 
uses a 133MHz Intel Pentium Processor with 32 MB of memory and runs the Windows 95 
operating system. Two 17" Sony Trinitron monitors are used with the system. One monitor 
operates the computer and the other displays images. The computer has one full-size single PCI 
bus card to manage memory, one computational module for real-time statistical analysis, and one 
digital acquisition module to interface with the camera. 
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SECTION VII: 


MIT/POLAROID 




Memo to: Bill Hunt 

From. Richard Solomon and Clark Johnson, University of Pennsylvania 

Date: 19 September 1999 

R e: MIT/Polaroid Camera Report 

Bill: 

This is a response to your e-mail message of 18 August. Under separate cover, by 
Priority Mail, we are sending a number of support documents. 

These include the camera specifications, a reprint on the actual camera system 
operational details, along with two internal MIT memos that might be of interest to 

addition, we are sending a CD-ROM (see below) of some images produced by 

There is no operations manual specifically for this camera. Philips did supply a gemic 
manual for high-end video cameras. However, the various agencies that now have 
cameras readily taught themselves effective operations with technical help from Philips 
and Polaroid personnel. r 

The first two cameras came with only one Fujinon zoom lens that cost in excess of 
v 100,000. It turned out to be inappropriate for certain scientific and cinemagraphic 
applications. For these uses a special mount was made for modified Hasselblad 2 1/4 
square (SLR) and conventional motion picture camera lenses. 

Both of these cameras are the property of NASA, under the supervision of Dr. Tice 
DeYoung, the original project initiator when he was at DARPA. One of the cameras is 
currently assigned to the supercomputer center at the Naval Research Laboratory in 
Anacostia, where it is available for demonstration. 

The other camera is assigned to the National Security Agency and is on temporary loan 
to Demografix in Santa Monica, CA. Four additional cameras have subsequently been 
purchased and delivered to the Navy for further research. One of the original cameras 
may be transferred to the University of Pennsylvania shortly. The University of 
Pennsylvania is currently under contract with the Naval Research Lab to continue 
experimentation under a program on Vision Science and Advanced Networking. 
Principals include Prof. David J. Farber and the authors of this report. ° 

Additional cameras have been purchased by ABC/Disney and other commercial firms. 
Demonstrations have been made at the National Institutes of Health, the U. S. Army, 
the National Security Agency, the National Association of Broadcasters annual meeting 
in Las Vegas (where it won Best of Show), and at the American Society of 
Cinematographers' annual convention in Los Angeles. The camera was featured in a 
weekly column on advanced multimedia technology in the New York Times shortly 
after it was delivered by Polaroid. 

A camera was loaned to ABC /Disney for a series of test shoots at various sites across 
the country. These shoots provided material for A/B comparison testing with so-called 
HDTV interlaced cameras. The Navy did airborne tests from a dirigible of the Norfolk 
(VA) Navy Yard and a beach. A few freeze frames showing the spectacular results of 



this Navy shoot have been captured on a CD-ROM, a copy of which is being sent to 
you. (Copies are available upon request.) 

In the summer of 1998 a camera was loaned to Mr. Robert Primes (an award-winning 
cinematographer, and a former president of the ASC), and Gary Demos of Demografix 
(an Oscar-winning special-effects expert) who together financed the production video of 
Mrs. Primes (a professional concert pianist) performing a Chopin etude. This 
astonishing 7-minute movie can only be fully appreciated on a specially modified 
projector for an 18-ft. screen, one of which is at NRL. Editing was an exceptionally time 
consuming exercise and had to be done frame by frame on special Apple Macintosh 
computers. 

As an example of this remarkable presentation, one can readily see the vibrating piano 
strings without a scintilla of blur or interlace artifacts. It is as if one is sitting next to the 
pianist. The Hasselblad lens was critical for the close-ups in this shoot. 

The entire high-resolution system (camera and display) has been successfully tested in 
real time on the high-bandwidth government-operated ATDnet fiber-optic research 
network in the Washington/Baltimore area over a simulated distance of several 
hundred miles. 

The only current storage device capable of handling the high bit rate generated by the 
camera without distortion-creating compression is a Matsushita D-5 video recorder 
modified to handle a linear bit stream. The Naval Research Laboratory recently 
ordered a RAID array capable of storing 20 minutes of uncompressed camera output. 
One camera has been returned to Philips to be modified to operate at 72 
frames/ second. 


Future plans include building a test-bed camera capable of: 

1. Variable frame rate (24-72 f/sec.); 

2. Wide color gamut using additional color sensors and variable color 

T Smaller CCD target to permit use of conventional high-quality 35mm still- 

camera lenses; . 

4. Transcontinental testing on the gigabit optical network with analog 

transmission and digital processing at the display; 

5. Variable spatial and temporal modulation transfer functions; 

6. Gigabit local rf transmission in a local environment. 


All of the participants involved consider this to be a most successful demonstration of 
the performance advantages of progressive imaging video technology. 


Demonstrations on the giant screens using 
high-resolution projector can be arranged 
Anacostia, or in Santa Monica, CA. 


the Polaroid /MIT camera and the special 
at either the Naval Research Laboratory in 


Capturing Reality: 

A New Full-Motion Electronic Camera 

l* aVe developed a high-resolution camera which demonstrates a full-motion electronic 
imaging system that comes closest to representing reality. 

ral hfcimagtT 5 th ' S ^ mim ' cking in Various res P ects wa y that ^ eye and brain capture and partially 


process 


There are some 40 million high-resolution desktop computer monitors in the U.S. today which can immediately 
display the output of this camera. immediately 

TTie particular design of the capture system enhances virtually lossless compression facilitating both realtime 
transmission over such advanced links as digital subscriber loops (XDSL telephone technology) or super-compressed 

demn C , m ^ a ( dlSkS - f ° r CXample) - 200:1 C0mprCSSi0n in — Itimc, and 50:1 in readme, £ TSm 
demonstrated using progressive capture imaging. 

TTie camera can be thought of as an electronic “Hasselblad l_” for full-motion imaging. I, combines the best elements 

Lan linZaZmor^h l ° Pr f UCe ° , rOC u k ' Steady ’ Srainless. high-resolution, full-spectrum image with imperceptible 

“ ^ 8 u SenS,Uvity - The ima ^ e displayed on conventional high-resolution computer 

momtore appears to the human eye what it would see if present at the scene. The camera does this by processing 
images differently than, and avoiding most of the defects of, existing television and video systems. 

•Hie camera is part of a modular systems design facilitating the maximum use of uncoupled and interoperable basic 
computer deuces for displa^transmission, processing, and storage. The implications for advanced electronic motion 
photography are obvious. The system has direct and immediate applications in telemedicine, teleconferencing 
instrumentation, intelligence and surveillance missions. 

br^cSSliw th!^f?i. e ° f ^ ' 7 , reCenUy ad ° Pted by 016 Fcderal Commu "ications Commission for 

broadcast HDTV that is fully compatible with computer processes. The ability to combine real images with software- 

des arc Ihtec tu re ^ COmputer " assisted ,rainin S- maintenance and medical procedures is part of out system’s basic 

New imaging applications require a new video system 

While conventional television techniques have been adequate for entertainment electronic imaging needs up to now, 
™cS!S)n nCW USCS ° f V,dC0 h3Ve CmCrged requiring 311 ima 8 e fidelity well beyond the needs of broadcast television 

The instrumentation, medical, training and scientific research establishments will likely be a much larger customer 
for reality-based advanced imaging devices than the entertainment industries. Industrial, scientific and medical 
photography education and training, all require imaging technology without the discernible artifacts found in 
current, standard professional-quality video cameras. (Indeed, the illusions created by the visual escape from reality 

in current television and film-based motion pictures are often required, but are in contradiction to what is needed in 
non-entertainment electronic imaging.) 

Interoperability with digital computers and advanced digital telecommunications systems, scalability upwards and 
downwards depending on applications, extensibility to new technology, and open architectures permitting user 
modifications are key characteristics of such an approach. Scientific and industrial requirements for imaging 
technology were precisely what DARPA had in mind when it contracted with MIT to determine the feasibility of 
developing new camera technology that uses coherent, progressive image capture at a high resolution. 
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How this new imaging system works 


The initial development project designed a camera with a CCD that captures the entire image simultaneously, prior 
to electrical read out (similar to the rods and cones in the human eye which are sensitized in parallel). This CCD does 
not scan the image like all other commercial video and television cameras. 

As proof of principle, two cameras meeting MIT’s advanced performance specifications were built under contract 
with Polaroid. Polaroid subcontracted with Philips N.V. to adapt off-the-shelf high-end camera bodies with the 
improved CCD imaging arrays. The CCDs were manufactured by IBM from Polaroid masks. 

The cameras have effectively four times current video spatial resolution and at 60 frames per second, double the 
normal video frame rate. But spatial and temporal resolution are not enough to create an illusion represented reality: 

virtually noise-free, coherent, and progressive image capture make this camera design different from all existing 
commercial video devices. 6 

The camera maintains comparable sensitivity and color balance associated with conventional high quality 
professional cameras. Moreover, the image raster is square, and the aspect ratio can be made variable. This facilitates 
superimposition of computer-generated images with real life images, something almost impossible on current video 
systems with rectangular pixels” and inflexible image aspect ratios. 

Defects of current television 

As the science of opthamology has long recognized, the eye simply does not work like a photographic camera, 
however much it superficially resembles such a device. Human sensitivity to video artifacts found in current systems 
is inherent in the extremely complex mechanism of the eye/brain linkage. We have demonstrated that artifacts can be 
largely eliminated by using different mechanism for image capture. 

Several inherent characteristics of conventional television systems, including most proposed HDTV systems, make it 
practically impossible to capture, record and display electronic images without degrading artifacts. Television, as 
most of us know it, never quite looks like a real scene. Movies come closer, but film degrades images in different 
ways because of its random, bouncing grain patterns and frame registration (“judder”) problems. Yet, both of these 
media may be quite adequate for entertainment. While image degradation is often desired for the illusory effects 
necessary to suspend belief in the telling of a story, for scientific, medical, and many industrial and military 
applications the need for true, undistorted images is critical. 

In all of the presently available video systems, the image capturing device (the camera), the transmission technique 
and the display appliance are locked together in synchronism: the image is captured by scanning a light-sensitive 
surface on which the image has been projected; and in the display (the television set) a similar, exactly synchronized 
beam of electrons excites the cathode ray tube’s phosphors. Any amplitude distortions, temporal delays (e.g. 
electromagnetic wave reflections from nearby buildings) or other defects occurring at any point in the chain between 
camera and display immediately show up in the picture. 

Variable aspect ratios are fundamentally impossible because the synchronized scan rate has to conform to fixed 
display parameters. 

A further characteristic of conventional television is the use of interlaced scanning. Interlacing was required in the 
earliest days of crude television to provide the bandwidth compression necessary to transmit the video signal. 
Interlacing, basically an obsolete form of compression, creates a picture that is especially sensitive to phase and 
amplitude distortions as can be readily seen in the moire and fringe artifacts often present in television pictures. 

Moreover, interlaced images are missing half of the full image at any discrete point in time. This makes lossless 
compression essentially impossible, and also adds visual artifacts created by missing information improperly 
processed by the human eye/brain nexus. This usually shows up in various forms of flicker and dot crawl that can 
range from mere annoying to the inability to see critical events on the display. Even on very high-resolution TV 
systems, at critical spatial frequencies interlace will produce fuzzy edges on rapidly moving objects. So, with 

MIT-Polaroid High-Resolution Camera 2 



interlace, it is difficult or impossible to align computer-generated, progressively scanned overlays on real life images 
without generating visual vibrations and dot crawl. These most annoying artifacts are exacerbated by the non-square 
imaging rasters used by all other video systems except ours. 

Summary 

In summary, close synchronism means that optimum signal or image processing techniques for each element of the 

chain are difficult to apply. Synchronism, coupled with interlace is especially a problem for image compression 
processes. 

All current television or video systems, including all the commercial broadcast HDTV proposals (save one) use some 
variation of these synchronous and interlaced scanning mechanisms. The one set of HDTV standards permitted by 
the FCC which does not use interlace or a non-square raster is the set followed in our cameras. So far, after one year 
of demonstrations, ours are the only such devices in existence. 

With modem digital transmission, synchronism, interlace and fixed aspect ratios are no longer necessary, but 
historical forces have kept current video systems and most proposed HDTV systems from taking advantage of 
completely decoupled architectures. 

The requirements of modem scientific imaging demand high-performance cameras without introducing artifacts and 
false images. Our systems’ wide range of sensitivity, resolution, and color balance, coupled with its inherent digital 
design friendly to computer processing and appliances, will enable new markets based on image enhancing. A 
progressive-capture, high-resolution camera opens the pathway to vastly improved performance and productivity for 
existing and new applications. 

Clark E. Johnson; 612-922-8541; fax 612-922-8820; e-mail clark@rpcp.mit.edu 
Richard Jay Solomon; 617-253-5159; fax 413-267-5172; e-mail ijs@rpcp.mit.edu 
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ABSTRACT 

This paper describes an HDTV camera system implement- 
ing the 1280 x 720 image format supporting the 750/60/1:1 
production standard. An interlaced HDTV camera has been 
adapted to meet the proposed US HDTV progressive 
standard. A new 1” video format, 16:9 aspect ratio progres- 
sive scan, frame-transfer (FT) CCD sensor with square 
pixels was designed, and sensor incorporation and camera 
adaptations were implemented. The new sensor is described 
and the impact of the 750-line standard is discussed. The 
first prototype of this camera will be demonstrated at the 
1996 NAB show. 

INTRODUCTION 

The CCD image sensor was introduced into broadcast cam- 
eras around 1986. In 1992 the first HDTV CCD camera 
system to meet the proposed (European) EUREKA HDTV 
standard was introduced 11 \ This LDK 9000 camera system, 
designed by Broadcast Television Systems (BTS), is based 
on a 1" frame-transfer sensor that was developed to support 
the 1250/50/2:1 interlaced European standard as well as the 
new American 1920 x 1080 format 1125/60/2:1 interlaced 
production standard. This camera has been used for the pro- 
duction of test material by the Advanced Television Test 
Center. 

The Advisory Committee for Advanced Television Services 
(ACATS) recently released its proposal for a new U. S. tele- 
vision standard commonly referred to as HDTV [2 \ The 
development of a progressive scan format for HDTV has 
been driven by concerns such as compatibility with com- 
puter systems, ease of compression, freedom from flicker 
(especially with graphics), and better temporal resolution. 
As discussed in the ACATS process, the interoperable and 
extensible HDTV system can serve not only entertainment 
and television, but can also offer economic and qualitative 
benefits to education, health care and human services, com- 
mercial enterprise, and the information infrastructure. 
Several factors were considered critical to achieving inter- 
operability * 3) . One of these factors is the use of progressive 


scan square pixel image formats in capture, transmission, 
and display. Thereby, the television equipment can be ex- 
tended to and stimulated by applications in computer 
communications, high quality imaging, synthetic imaging, 
animation, motion pictures, and so forth. The information 
infrastructure needs an image architecture that eases ex- 
change between industries and applications. 

Significant technical hurdles have acted as barriers to de- 
ploying a progressive scan HDTV system. Nonetheless, the 
Grand Alliance did incorporate progressive scan among 
their formats. Most experts agree that a progressive scan 
system is ultimately desirable and certainly inevitable in the 
proposed lifetime of HDTV, though the time frame is 
debated. 

The major technical hurdle has been the difficulty in pro- 
ducing a progressive scan camera of comparable sensitivity 
and specifications to a studio quality interlace scan camera. 
Existing commercial and prototype cameras have been 
inadequate. Indeed, the existence of adequate component 
technology has been in doubt. Herein laid the motivation 
for our research and development efforts. 

Through a cooperative effort between the Polaroid Image 
Sensor Technology Division and BTS the LDK 9000 
HDTV CCD Camera system was recently adapted for the 
progressive 1280 x 720 standard (750/60/1:1). A new 
frame-transfer sensor meeting this standard was developed 
at Polaroid to be optically, electronically, and mechanically 
compatible with the previous interlaced sensor, although 
differing in image format and timing. The main adaptations 
of the camera system performed by BTS included the fol- 
lowing elements: 

- Camera/sensor pulse generator 

- Camera Processing Unit pulse generation 

- Vertical contour delay 

- 7 inch view finder 

Apart from the above-mentioned functions, minor adapta- 
tions were made in several areas to meet the timing specifi- 
cation and to optimize sensor performance. 
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Parameter 

Value 

Aspect Ratio 

16:9 

Interlace 

1:1 (progressive) 

Field frequency 

60 Hz 

Total number of lines 

750 

Number of active lines 

720 

Line frequency 

45,000 Hz 

Total line time 

22.222 jisec (1650 samples) 

Active line time 

17.239 psec (1280 samples) 

Horizontal blanking 

4.983 jisec (370 samples) 

Sample frequency 

74.25 MHz 

Sync pulse 

Tri-level 


Table 1. Main characteristics of the 750/60/1:1 1280x720 
production standard 


PROPOSED 1280 X 720 PROGRESSIVE TELEVISION 
STANDARD 

Interlace scanning has proven to be an efficient way of sam- 
pling pictures. The flicker perception of the human eye 
demands a refresh rate of the CRT of at least 50 times per 
second to prevent large area flicker. In order to save band- 
width, it was decided to refresh alternately the odd lines and 
even lines, thus doubling the vertical resolution for a given 
signal bandwidth. This means that for a given signal band- 
width the number of pixels in an interlace standard will be 
twice the number of pixels in a progressive system, resulting 
in a better static resolution. 

But interlace scanning also shows some well-known arti- 
facts, especially with moving pictures: 

- It is impossible to combine two fields to one picture for 
moving objects, as each field comes from a different 
moment in time. This is a major drawback for creating 
still pictures from a moving scene, and for video to film 
transfer. 

- While, with proper filtering, the frame can be nearly 
free of aliasing, each field may contain aliasing since it 
has only half of the samples in the vertical direction. 
The human eye has to integrate out aliasing effects per 
field, to see the full frame resolution of the picture. Tliis 
results in small area flickering at field rate. The cancel- 
ling of aliasing between fields only holds for still 
pictures. 

- Even at slow vertical movement of one line per field 
vertical aliasing is dramatically increased. This is espe- 
cially visible on slowly moving almost horizontal lines 
in the picture. 

With the move to digital television, the performance of the 
compression system becomes critical. Compression of in- 
terlaced signals is more complex and performs worse than 
compression of progressive scanned signals, where the en- 
tire image is sampled at the same time. 


The 750-line 1280 x 720 format progressive scan standard 
provides a good, practical solution to the problems of inter- 
lacing while obtaining excellent compatibility with inter- 
laced HDTV [4J . The key characteristics of this standard are 
given in Table 1 [5) . 

Several features of this standard greatly add to its 
practicality. Firstly, the picture format uses exactly 2/3’ s 
the horizontal and vertical pixel counts of the interlaced 
standard for ease in resampling. Next, the field and pixel 
frequencies are identical allowing the use of the same pro- 
duction equipment. In addition the line time is 3/4’s that of 
interlaced potentially easing analog delay designs. Finally, 
adequate horizontal and vertical retrace intervals are 
allowed. 

CCD SENSOR 

The CCD sensor was designed specifically for progressive 
scan high definition video applications. With square pixels, 
an active array of 1280 x 720 pixels (1296 x 730 total pix- 
els), a 16 mm diagonal for use with 1" format lenses, and 
with 60 frames/second operating speed, this sensor is ideal 
for the proposed 750/60/1:1 progressive-scan HDTV stan- 
dard (Table 2). The frame-transfer architecture used pro- 
vides high sensitivity, high fill-factor, no lag, and no smear 
when used with a mechanical shutter wheel as in the LDK 
9000. The imager (shown in Figure l) consists of the im- 
aging array with both active and dark reference pixels, a full 
resolution storage section, a dual-channel horizontal regis- 
ter, and two output buffers. 

The imaging pixel (Figure 2) is a 3-phase buried channel 


Parameter 

Value 

CCD-type 

FT 

Optical format 

l inch 

Image diagonal 

16 mm 

Image area width 

14.00 mm 

Image area height 

7.88 mm 

Number of lines 

730 M 

Pixels/line 

1296 

Pixel width 

10.8 Jim 

Pixel height 

10.8 Jim 

Chip width 

15.29 mm 

Chip height 

15.25 mm 

Chip area 

233 sq. mm 

Output registers 

2 

Pixel output rate 

74.25 MHz 

Frequency H-cIocks 

37.125 MHz 

Swing H-clock 

5 V 

Frequency V-clocks 

2.475 MHz 

Swing V-clock 

10V 


Table 2. CCD characteristics 
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device with integrated vertical anti-blooming protection. It 
is 10.8 x 10.8 microns square. The device is formed with 
three polysilicon layers, one for each phase, with large open 
areas (>33^ of pixel) for enhanced blue light sensitivity. 
The vertical N-type buried channels are separated by P+ 
channel stops. The P-Well doping is modulated to form a 
weak spot in the center of the channel that acts as the anti- 
blooming barrier, which turns on when the pixel fills up to 
drain excess photocurrent down into the lightly N- doped 
epi layer. The storage pixel is configured similarly, al- 
though it uses w-ider poly gates for greater charge storage 
density. Thus the storage pixel could be made smaller 
(9.0x10.8 microns). 

Since this sensor was designed to be compatible with the 
already existing camera, the process was carefully adjusted 
to give proper operation at the supplied clock voltages. This 
was complicated by the large number of functions that the 
pixel must implement: light absorption, charge collection, 
vertical overflow- drain, charge transport, and charge reset 
(frame clear) for exposure control. 

High vertical transport shift frequency (2.475 MHz) is re- 
quired to move the charge from image to storage section 
during the brief optical blanking period provided by the 
shutter wheel. This frequency is by necessity higher than 
that used in the interlaced design because there are more 
lines to move (730/frame versus 589/field). Two-level alu- 
minum wiring was used to shunt the polysilicon gate resis- 
tances resulting in less than 1 ohm equivalent series 
resistance. This allows the roughly 6 nf capacitive load to 
be driven at the required speed. Narrow aluminum straps 
connecting the poly gates run over the channel stops in the 
imaging section so that they have minimal impact on light 



Figure 2. Imaging pixel top view (left) and cross-section (right). 



Figure 3. Double-level metal clock interconnect 


sensitivity. Care was taken in their design to ensure that no 
fixed pattern artifact such as stripes was introduced by the 
straps. These are connected by busses on the second alu- 
minum layer running across the storage section as shown in 
Figure 3. These busses are tied to package leads at each end 
to further lower series resistance. 

During readout the charge is shifted one line at a time from 
the storage section into the horizontal registers. These 
charge packets are split up into the two registers on an even- 
odd column basis, using just a single transfer gate. The two 
registers operate in parallel at one-half the pixel frequency 
(37.125 MHz). The charge is transported along the 4-phase 
buried channel register to the matching sense nodes. The 
camera provides 4 phase clocking with 4-5 volt amplitudes, 
which posed a greater challenge in this design because the 
square pixels are wider and hence the horizontal gate length 
is greater reducing the fringing fields which assist charge 
movement. Extensive simulation was performed to ensure 
that excellent horizontal charge transfer would be achieved 
even at high clock frequencies. 
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Parameter 

Value 

Sensitivity (at sense node) 

14 uv/e- 

Amplifier gain 

0.4 

Noise after DLP in 30 MHz 

33 e- 

Bandwidth output 

150 MHz 

Quantum efficiency (peak) 

26% 

Sensitivity with BG40 

2150 e-/lux 

Overexposure 

100,000 X 

Full well capacity 

40K e- 

Dynamic range 

62 db 

Sampling frequency vertical 

92.6 line-pairs/mm 

Sampling frequency horiz. 

92.6 line-pairs/mm 

Image lag 

none 

Smear (incl. camera) 

none 


Table 3. CCD Performance 


The output buffers are fairly conventional three-stage 
source-fol lower design. All three drive transistors are sur- 
face channel, giving high transconductance for low noise 
operation. The bandwidth (>120 MHz) is high enough to 
ensure accurate signal transmission. The layout of the two 
buffers was arranged to ensure they would match even with 
layer-to-layer misalignment during fabrication. The two 
video output signals are combined in the video pre-processor 
using the delay line principle (DLP). 

Measured performance of the initial samples of the CCD 
sensor is summarized in Table 3. 

OPTO-MECHANICAL DESIGN 
The opto-mechanical system of the 1" CCD HDTV camera 
is designed to use lenses with a maximum aperture of f/1.2. 
The system consists of (from front to back): seal glass, IR- 
filter, retardation plate, shutter wheel, two 4 position filter 
wheels (for effect and ND filters), beam-splitter, optical 
low pass filters and sensors. In the adaptation of the optical 
system to the progressive format, in addition to the sensors 
only the optical low pass filter was changed. 

Modulation Transfer Function 

The modulation transfer function (MTF) of the camera is 
determined by the lens, optical low-pass filter, aperture of 
the image cell, and the electrical sample-and-hold. The 
MTF of the lens at f/4 is mainly diffraction limited. The 
MTF of the optical low pass filter is cosine shaped. The 
aperture of the image cell and the sample and hold both have 
sin(x)/x characteristics. Based on this model one expects a 
MTF of 47% for a sine wave at 27 MHz, versus a measured 
value of 50% (Figure 4). 

Aliasing 

A CCD-camera is a two-dimensional spatial sampler. The 
kings of fashion do not care about Nyquist nor does Nature! 
Therefore in everyday life the Nyquist condition - that the 



Figure 4. The modulation transfer function (MTF) of the camera. 
Shown are the separate contributions of lens, optical low-pass filter 
(O-LPF), aperature of the pixel, and the sample-and-hold. 



0 50 100 


Frequency (MHz) 

Figure 5. Shown are the MTF of the camera-head and the residual 
aliasing due to folds at the pixel sample frequency of 74.25 MHz 

maximum frequency of the optical signal must be below 
half the sampling frequency - will be violated. This will 
cause Moire, or aliasing, patterns, which will create low- 
frequency patterns the eye is very sensitive to. 

The frame-transfer image cell has a large aperture and there- 
fore has intrinsically good horizontal and vertical aliasing 
behavior for higher spatial frequencies (greater than the 
Nyquist frequency). An optical low-pass filter helps to re- 
duce aliasing further, especially at lower frequencies, by 
introducing dips (or notches) in the MTF. These dips must 
be at the vertical sampling frequency (92.6 line-pairs/mm) 
and at the horizontal sampling frequency (74.25 MHz, or 
92.6 1-p/mm) for maximum effect (Figure 5). The need for 
a vertical anti-alias filter is unique to this progressive scan 
camera, since interlaced CCD sensors typically have con- 
siderable overlap in the even and odd scanning apertures 
that performs a similar function at the cost of vertical 
resolution. 







Figure 6. Camera head video processing. 


VIDEO PROCESSING INCLUDING CONTOURS 
Video processing in a progressive scan camera is not very 
different from the processing in an interlaced camera. The 
processing of the LDK 9000 camera has already been de- 
scribed in an earlier paper flJ . It consists of a part in the 
camera head (Figure 6), and further processing in the cam- 
era processing unit (CPU) (Figure 7). 

Important design objectives for the LDK 9000 video pro- 
cessing were: 

- Gain control over full temperature range. 

- High dynamic range. 

- Headroom before highlight compression of more than 
14 dB. 

- Signal/Noise deterioration due to video processing less 
than 1 dB. 

- High quality, reliability and operational flexibility. 

- Low power consumption. 

Operation following the 1280 x 720 progressive standard 
calls for some specific adaptations as compared to the 1920 
x 1080 interlaced standard: 

- Line time is changed from 29.6 usee, to 22.2 usee. This 
calls for different line delays in the contour delay unit. 

- Active line time is changed from 25.8 usee, to 17.2 usee. 
This calls for a more accurate timing in the video pro- 
cessing as timing errors will be more visible on the 
display. 



Figure 7. Video Processing CPU 

- Vertical contours will look different — the vertical con- 
tour generation in a 1080 line system is field based, with 
the 0T, IT and 2T lines 1/540 picture height apart. In a 
720 line progressive system vertical contours are gener- 
ated from lines with a spacing of 1/720 picture height. 
This results in a higher vertical peaking frequency for 
vertical contours in a 720 progressive system. 

- Horizontal contours will have a lower spatial frequency 
peak in the 1280 x 720 progressive scan system. This 
can be changed by shortening the delay lines in the con- 
tour processor, but there are practical limitations im- 
posed by the lower Nyquist frequency of the 1280 x 720 
system. 
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Figure 8. Multicore Transmission system 


SIGNAL TRANSMISSION 

The connection between camera and processing unit is 
formed by an interconnection system of cable and electron- 
ics specifically designed to maintain signal quality. A 
multicore cable can be used for short distances up to 300 
meters. For longer distances, the multicore cable can be ex- 
tended with a Fiber optic system. Four coaxial cables are 
required for the R, G, B and view finder video signals. The 
remaining signals (figure 8) could be multiplexed into a sin- 
gle bidirectional coaxial cable, or into two separate single 
directional cables. This latter approach is used to achieve a 
simple interface with an optical fiber. Additionally, power 
wires are added, yielding a custom-made circular cross- 
section multicore cable. 

The electronics provides automatic compensation for all 
multicore cable lengths between 0 and 300 meters. This is 
realized by dividing the total compensation into a fixed part 
and an adaptive part. The fixed part can compensate any 
cable length within an increment of 12.5 m. The compensa- 
tion determined at power-up, by means of a successive 
approximation measurement. The adaptive part, which is 
independent in each channel and continuously active, has 
two functions: 

- It has to compensate the last residual cable length within 
the resolution of the fixed part, 


- It has to compensate (the frequency dependant) loss dif- 
ferences as caused by such things as temperature chang- 
es of the multicore cable and differences between the 
individual coaxial lines. 

Delay differences between the coaxial lines is kept small by 
using high quality coax: maximum 1.5 ns between R, G, 
and B video signals at 300 meter cable length. 

7 INCH VIEW FINDER 

The main challenge in adapting the view finder to the pro- 
gressive scan 1280 x 720 format was operating at much 
higher line frequency (45 KHz) given limitations on power 
dissipation and demands for high brightness and contrast. A 
stable high voltage source is required to prevent "breathing" 
at high beam currents and to secure high resolution 
performance. 

Although spatial frequencies are lower for 1280 x 720 than 
for the 1920 x 1080 system (27 MHz bandwidth gives 780 
TVL for 1920 x 1080 versus 520 TVL for 1280 x 720), fo- 
cus assist is still a valuable tool for the camera operator. 
Apart from peaking in the view finder, the HDTV camera 
system is provided with two focus assisting tools: 

- Magnifier: Momentary activation of this function en- 
larges the center part of the image by approximately 1.6 
times, filling the whole screen. 

- Crawler: Small details in the picture are converted to a 
more coarse structure, which gives edges and other fine 
details a highly visible crawling pattern. Optimum focus 
is obtained when this crawling serration reaches the 
maximum intensity. It acts more or less like "peaking" 
and can be used continuously. 

CAMERA SYSTEM 

The camera being presented is part of a complete system 
configured for broadcast applications. The system, as mod- 
ified for the progressive standard, consists of the following 
system components: 

Camera head 

7-inch view finder 

Camera Processing Unit (CPU) 

Multicore cable 

Master Control Panel (MCP) 

Operational Control Panel (OCP) 

Lens 

Accessories 

The camera head has been designed as a compact, light- 
weight, modular unit (Figure 9). The camera features two 
four-position filter wheels with three neutral density filters 
and two special effect filters. 

The 7-inch view finder can be mounted on a optional 
specially-designed support above the camera. The support 
is designed to accept the lightweight camera combination. 
The camera, with an optional 1.5-inch view finder, can be 
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Figure 9 Camera head 


easily placed upon or taken out of this support, leaving the 
support and 7-inch view finder on the tripod. 

The CPU is a 19 inch rack mountable component which is 3 
standard units high. The device is constructed using stan- 
dard Eurocard PC boards and a rear connector panel with all 
signal interconnection options commonly used in broadcast 
studios. 

The control panels follow the Series 9000 control philoso- 
phy, as used with all BTS standard TV cameras. The Master 
Control Panel gives access to most of the set-up controls via 
menus. The Operational Control Panel (OCP) provides all 
the operational control functions of the HDTV camera. The 
OCP is arranged with user-friendly directly accessible 
controls. 

The camera can be used with a wide range of lenses built 
with internationally standardized interfaces. The camera 
presented is equipped with an 1 1 x 1 1 barrel-type lens from 
Fujinon. This heavier barrel-type zoom lens is supported by 
standard film-style accessories: a bridge plate underneath 
the camera accepts support rods, lens supports, matte boxes, 
etc. 

The main camera system characteristics are summarized in 
Table 4. Performance specifications are summarized in Ta- 
ble 5. 

For picture evaluation during the development period a Bar- 
co color monitor, Reference Calibrator model 121, was 
used. This monitor is capable of displaying 1280 x 720 pro- 
gressive signals without effecting picture quality. Noise 
measurements were done on the Rohde & Schwarz VNA 
(Video Noise Analyzer). The Tektronix 1730HD Wave- 
form monitor was used. 


- An electronic white balance range from 2500K to 
15000K. 

- Highlight compression in automatic and manual 
mode. 

- Black stretch in Y and R,G,B. 

- Colorimetry according to EUREKA/EBU standard. 

- 2-Dimensional contours. 

- Electronic shutter with 5 and 2 msec exposure time. 
Also 50 Hz and 60 Hz lighting positions are 
available. 

- Camera power consumption approximately 22 W. 


Table 4. Main camera system characteristics 


- Modulation Transfer Function of over 40% at 520 
TVL (27 MHz) without contours. 

- Limiting horizontal resolution of 700 TVL. 

- Sensitivity of 1200 Lux at F/4. 

- S/N ratio of 50 dB at a bandwidth of 30 MHz. 

- The max. lens aperture is F/1.2. 

- Dimensions approx. 140 x 210 x 350 mm. 


Table 5. Camera system specifications 




CONCLUSION 

We report here on the first CCD HDTV broadcast camera to 
demonstrate the newly recommended 1280 x 720 progres- 
sive standard (750/60/1:1). A frame-transfer CCD was 
custom-designed, and a broadcast-quality interlaced HDTV 
camera was modified to meet the progressive standard. 

A prototype camera has been built and is demonstrated at 
the 1996 NAB Exhibition. This camera meets all specifi- 
cations as presented in this paper, and meets all goals toward 
proving the feasibility of the 750-line progressive HDTV 
standard. 

The LDK 9000 system, with the 1250/50/2:1 standard, has 
already been in use for 4 years in Europe. During this time 
these systems have been used, to complete satisfaction, at a 
wide variety of events. A modified system for the new 
American 1920 x 1080 production standard (1125/60/2:1) 
was used for the production of test material by the Ad- 
vanced Television Test Center. It is anticipated that this 
proven record of reliability and success will carry over to 
the progressive scan camera. 

This project represents a successful embodiment of collab- 
oration between industry, university, and research laborato- 
ry to accomplish more in a shorter period of time than any 
one could do alone. 
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MIT/POLARIOD DIGITAL IMAGING SYSTEM 


The MIT/Polaroid camera that you have seen demonstrated is the culmination of four years of 
work on a complete digital imaging chain. Supported by MIT and funded by ARPA, this new 
approach to image capture and display consists of the following components. While only the 
camera has been fully implemented, the other essential elements have all been designed. The 
underlying criteria was to develop a fully digital image capture, storage and display system with a 
wide range of capabilities with capabilities that are user and application selectable. 

Motivation for this work partially arose from the extreme difficulties experienced by development 
of an HDTV standard that met the necessary requirements of extensibility, scalability and 
interoperability. Only by fulfilling these essential criteria can future imaging technologies be 
painlessly introduced into the system. 

The imaging system consists of four components. 

1. Image Capture. The MIT/Polaroid camera consists of an advanced CCD image cvapture 
array. Three of these 720 x 1280 (effective) pixel CCD's are carefully mounted on a beam 
splitter and each is preceded by a dichroic filter to select the three primary colors. An electronic 
shutter whose speed can be adjusted from infinity to 1/200 of a second permits the camera to be 
used as a still camera or as an electronic movie camera. 

A significant advantage of this camera over conventional TV studio cameras is its frame capture 
capability. That is, it operates like a high-speed "still" camera. All of the image is captured at 
once; in contradistinction to a TV camera where the image is scanned, point by point, during the 
1/30 second frame time. The image scanning of current conventional television systems is an 
absolute requirement resulting from the need to synchronize all steps of the process from image 
capture, through transmission, display and, if required, storage on a VCR. 

This digital imaging system completely decouples the various components. No synchronization 
is required among any of the system components. Thus this imaging system meets the 
requirements of interoperability, scalability and extensibility. 

2. Display. The MIT/Polaroid camera demonstration uses a high-resolution color computer 
monitor. There are a wide variety of other dsplays available including the Texas Instruments 
DMD (digital mirror device) and the Hughes/JVC light-valve projector. Display technology is 
currently adequate to provide full rendition of the camera's capability. 

3. Storage. Most applications require preservation of the image for display/analysis at a later 
time. Currently there is no commercially available data recorder that will handle the full- 
resolution data rate of the MIT/Polaroid camera operating at 60 frames/second (1 2Gb/second) 
directly. The Panasonic D-5 recorder can be altered to work, requiring some electronic 
modifications along with a format converter. 

4. Image Compression. Some degree of compression can be used in all imaging applications. 
"Lossless" compression (that with no loss of information) yields about a 4 times data reduction. 
Further compression has some effect on image quality, however, by taking advantage of the 
human eyes' sensitivity variation with position and motion, compressions up to a factor of 100 or 
more can be used without visible degradation of the image. The use of compression is very 
application-dependent. Presently, a 200:1 software-implemented compression scheme can be 
demonstrated. Its conversion to silicon (hardware) is an essential component of a future 
development effort. 

5. Transmission. There are many methods to get the image signal from the camera to the 
recorder and display, ranging from fiber cable to broadcast to coaxial cable. In general, the 


transmission method determines the bandwidth available. However, since the system is 
scalable, a bandwidth-limited transmission simply reduces the quality of the displayed image. 

SOME APPLICATIONS 

A. "Real Presence" Videoconferencing 

This application links the MIT/Polaroid camera to a projection display such as the BARCO high- 
resolution projection system. Incorporated into properly designed conference rooms with 
"surround-sound," it would provide outstanding teleconferencing capability. The system would 
be designed to minimize bandwidth consumption by using variable frame rate image capture (no 
sense in using high frame rates when everyone is snoozing!) along with variable compression. 

Such a high-resolution video-conferencing system would have application in a wide range of 
customer environments. As an example, the textile and garment industry might use video- 
conferencing to cut down turn-around time between nascent and rapidly-changing fashion 
demands. One can easily envision designers scattered thoughout the world connected directly to 
the factories in North Carolina or the Far East. 

B . Remote Educatio n . Professi o n a l Training and Remote Medical Diagnosis 

Many studies have shown that high-quality images, approaching reality, can enhance and may 
actually be essential to the use of computer-based teaching tools. Current NTSC and the 
proposed HDTV television systems cannot fulfill the image quality requirement. 

Remote medical diagnoses is an essential component of a nation-wide health-care program. It is 
essential that the same quality of medical care be available to rural areas as to residents of large 
cities. With the continuing refinement of medical technology, much of which is image-based 
(e.g. MR scans. X-rays, ultrasound-to name only a few), a real-time, bi-directional, high- 
resolution imgae capture, transmission and display system is essential. The imaging system 
described herein has all the components necessary to satisfy the medical imaging requirements. 

C. Mu seum and Historical Artifact Archiving 

The best approach for developing the techniques and technology for museum archiving is to use 
a high-reolution imaging system. By taking a "picture" of the object (or, for that matter a 
building) from several angles and then post-processing the various digital images, a true three- 
dimensional image is generated. All images are stored for later use. The viewer then has the 
ability to "move" the image around and "see" it from any angle. 

D. Military Reconnaissance 

In military surveillance operations, size, weight and light sensitivity are the most important 
parameters. Recent developments in CCD sensor technology would provide the same sensitivity 
on the CCD's receptive area about 25% of that used in the present camera implementation. This 
reduction in size permits much smaller lenses as well as a much reduced camera body. The 
decrease in signal-to-noise ratio inherent in the smaller CCD pixel size can be overcome with 
improved signal-processing techniques. 

E^Pther Applications 

For the first time, it is now possible to have both a "still" camera and a "movie" camera in the 
same body. The tradeoffs between exposure time and sensitivity that we are all familiar with in 
35mm cameras exists here. Only now the images can be enhanced electronically and the color 
"gamma" adjusted to the user’s requirements. A single-body, dual-use movie/still camera has 
many applications. Those of the military, where space and weigh limitations are critical, is only 
one example. 



Just when you 
thought you 
had seen it 
all... 


PTC-9000 offers a level of 
performance and image 
quality unavailable today. 
This camera system meets 
the newly approved 750 line 
progressive scan High 
Definition Television (HDTV) 
standard providing a 
1280 x 720 resolution image, 
in a 16:9 format, at a rate of 
60 frames per second. 


Camera System 

Production standard “ 

• 750 line/60 frames/sec/l.i 
progressive 

Image Format 

• 1280 x 720 square pixel 
Aspect Ratio 

• 16:9 

Optical System 

• 1-inch format 

• Image diagonal 16mm 

• Standardized lens interface acc 
EBU, BTA, SMPTE 

• Prime lenses, barrel and box 
type zoom lenses up to f/1.2 

• Low optical axis, approx. 90mm 

• Accepts Arri film style accessories. 

• Two motor-driven filter wheels, 
each with 4 positions 

• Optical low-pass filtering 

Video Performance 

Sensitivity ~ ” 

• Approx. 1200 lux at f/4 
Maximum Sensitivity 

• 25 lux at f/1.2 + 12 dB gain 
Signal to Noise 

(at normal gain) 

• Approx. 50 dB in Y 
Modulation Depth 

• 40% at 27 MHz 
Registration 
(without lens errors) 

• Typical 0.05% of picture height 
Exposure Control 

• Nominal, 50 Hz, 60 Hz, 

1/200 s, 1/500 s 


Video Signals 

Camera head output 

• Viewfinder video 

(return video or local green) 

• Monitor/Viewfinder output 

• Teleprompter 5 MHz 
(with large lens adapter) 

Camera Processing Unit 

• Output 
R,G,B,S 
Y, Cr, Cb 

Switchable R, G, B/Y, Cr, Cb 
Picture Monitor 
Waveform Monitor 

• Input 

Ext. 1, 30 MHz bandwidth 
Ext. 2, Teleprompter, 5 MHz 
bandwidth 
Reference 

Audio 

(Available only with Large Lens 
Adapter) 

Camera to CPU 

• Two high quality audio channels 
with remote gain control 

Phantom power 

• 12 or 48 V DC 

Intercom 

CPU to Camera Head ~ 

• Engineering 

• Production 

• Program 

Camera Head to CPU 

• Camera operator 

• Floor manager (large lens adapter) 


Maximum Cable Lengths 

Multicore 

• 985 ft. (300 meters) camera to CPU 
Fiber Optic System 

• Max. 6,560 ft. (2 km) with remote 
power, 4x1,640 ft. (4x500 meters) 

Viewfinders 

• 1 1/2 and 7 , with focus assistance: 
crawler, magnifier 

Power supply 

Line Voltage 

• 115-230 V+/- 15%, 47-63 Hz 
Power Consumption 

• CPU. 100-300 watts, depending on 
camera configuration 

• OCP: 5.5 watts 

• MCP: 23 watts 

Approximate weights 

• Camera Head: 15 lbs. 

• CPU: 33 lbs. 

• OCP: 33 lbs. 

• MCP: 13 lbs. 

These typical specifications are subject 
to change without notice. 

For further information please call us 
at (617) 386-8747 or by fax 
(617) 386-3900 






SECTION VIII: 


FLORIDA ATLANTIC UNIVERSITY 





CTC 

Communications Technology Center 

College of Engineering 
Florida Atlantic University 
111 Glades Rd. 
P.O. Box 3091 
Boca Raton, FL 33431-0991 
(561) 367-2343: FAX (561) 367-3418 


August 13, 1999 

Dr. William Hunt 
Georgia Institute of Technology 
Department of Electrical Engineering 
Atlanta, GA 30332-0250 

Dear Bill: 


A two-sensor camera concept that had been patented and assigned to FAU was proposed to Georgia Tech as the 
basis of a camera development program. In this program, under subcontract to Georgia Tech, we first simulated the 
high-definition, progressive camera architecture at 525 lines using a Pulnix camera and a camera purchased on a 
previous project. These successful results were reported in a paper published in the SMPTE Journal. 1 

We then built a breadboard high definition camera mounted on an optical bench. We used two experimental CCD 
sensors made by Eastman Kodak in the camera. This was the first demonstration in the world of a color camera 
with 1920 x 1080 pixels progressively scanned at 60 frames per second. This is the progressive SMPTE 274M 
standard. It has been a long time objective for HDTV for 15 years. This is the first camera to achieve that 
objective. Since this was a breadboard using an early version of the Eastman CCD, it was not a practical camera. 
Since it was an optical bench, you couldn’t move it. 

We subsequently built a more practical camera, on a DARPA contract, using the equipment purchased on this 
subcontract, plus additional materials. This camera was delivered to the NAVY for underwater experiments. 

We built a commercial camera of this general design on a commercial contract and demonstrated it at the annual 
SMPTE conference in New York City. Because of the considerable interest generated by this demonstration, our 
commercial sponsor licensed the commercial rights to the design. 

We are currently completing an improved version of the camera on DARPA funds for delivery to the Navy. This 
uses an improved CCD sensor by Eastman Kodak and has all digital processing of the signals. It also can be 
recorded on a RAID recorder and has a standard SMPTE 292 digital serial output, so that the signal can be 
transmitted over either coaxial cable or fiber. 

Enclosed is the final close out documentation required by the subcontract. Thank you for your assistance in these 
matters. 

Sincerely, 



William E. Glenn, Ph.D. 
Director 


1 W. E. Glenn, and J. W. Marcinka, “The Development of a 1920 x 1080 Pixel Color CCD Camera Progressively Scanned at 60 
Frames Per Second,” SMPTE Journal, October 1 997. 
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Florida Atlantic University 

777 GLADES ROAD 
P.O. BOX 3091 
BOCA RATON, FLORIDA 33431-0991 


DIVISION OF SPONSORED RESEARCH 

(561)297-2310 

FAX (561) 297-2319 


July 20, 1998 


Ms. Danielle J. Herr mann 
Contracting Officer 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0420 


Re: Closeout of Subcontract No. E-21-H83-G4 


Dear Ms. Herrmann, 

We are submitting the following close out documents per our conversation. 

• Subcontractor’s Release (State the cumulative amount invoiced) 

• Subcontract’s Assignment of Refunds, Rebates, Credits, and Other Amounts 

• Final Property Report 

• Copy of Final Invoice 

If you have any administrative questions please contact me at 561-297-2366. Thank you for 
your assistance in these matters. 

Respectfully, * 

Beth A. Swerdloff, Assistant Director 
Division of Sponsored Research 


c: J. Engelbrecht 

E.Bemmel 


Boca Raton • Fort Lauderdale • Dania • Davie • Palm Beach Gardens • Port St. Lucie 
A Member of the State University System of Florida 
An Equal Opportunity/Access/Affirmative Action Institution 


BORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA, GEORGIA 30332-0420 

Subcontract No. E-21-H83-G4 
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SUBCONTRACTOR’S ASSIGNMENT OF REFUNDS, 
REBATES, CREDITS, AND OTHER AMOUNTS 
SUBCONTRACT No. E-21-H83-G4 


Pursuant to the terms of Subcontract No. E -2 1-H83 -G rinder Prime Contract No. NAGW2753 and in 

consideration of the compensation as provided in the said subcontract and any assignment thereunder, the 

Florida Atlantic University, 777 Glades Road, Boca Raton, FL 33431 

(Subcontractor’s Name and Address) 
hereinafter called the Subcontractor) does hereby: 


1. Assign, transfer, set over and release to Georgia Institute of Technology (hereinafter called the 
Contractor) , all rights, title and interest to all refunds, rebates, credits and other amounts, (including any 
interest thereon) arising out of the performance of the said subcontract, together with all the rights of 
action accrued or which may hereafter accrue thereunder. 

2. Agree to take whatever action may be necessary to effect prompt collection of all refunds, rebates, 
credits, and other amounts (including any interest thereon) due or which may become due, and to 
promptly forward any such proceeds to Georgia Institute of Technology, Office of Contract 
Administration, Atlanta, Georgia 30332. The reasonable costs of any such action to effect collection 
shall constitute allowable costs when approved by the Contracting Officer as stated in the said 
subcontract and may be applied to reduce any amounts otherwise payable to the Contractor under the 


terms hereof. 

3. Agree to cooperate fully with the Contractor as to any claim or suit in connection with refunds, rebates, 
credits, and other amounts due (including any interest thereon); to execute any protest, pleading, 
application, power of attorney, or other papers in connection therewith; and to permit the Contractor to 
represent it at any hearing, trial, or other proceeding arising out of such claim or suit. 

IN WITNESS WHEREOF, this release has been executed this 9 th day 

_ Florida 

WITNESSES 

/? > ) /UO. A 

Typed Name: 

Title : Acti 

(Note: In the case of a corporation, witnesses are not required , but t| certificate must be 




completed.) 


CERTIFICATE 




certify that I am 


of the, 
that 


(Official Title) 

named as Subcontractor in the foregoing release; 


was then 

that said release was duly signed for and on behalf of said 

au thority of its governing body and is within the scope of its corporate powers. 


who signed said release on behalf of die Subcontractor, 
_ (Official Title) of said 


by 


Signature: 

Date: Typed Name: 

Title: 


SUBCONTRACTOR’S RELEASE 
SUBCONTRACT No. E-21-H83-M 


Pursuant to the tenns of Subcontract No F-?l hqt r/\ . _ 

' -* ■ Z l -Hn3“fi4 under Prime Contract No. NAGW2753 

" " 7't” 10 ” ° f 1 Hmtfm) < Seventv-n. n . Th.„ Mnd ~ Thr(w H „ nri . cri 

and ff(i cents doUnn«.879.365.afi >**>■■ t,t„t,cp.ij 

under the said subcontract to; ~ - — - - 



^ SlddftS Rflflri, Boca Rflfon. Flnrj fl a 33431 -( 1 QQ 1 

(Subcontractor's Name and Address) 

its officers, seems. snd emolwees nfJXZ.n 7 BP* 1 *?.*?""*- nleKt ' nHJisdUFjette Contactor, 
seisin* to, a. sid»K£? ° f “ d ^ l “ b ‘" u “' «Wm« «l demods whoever under m 


2mm W oT^onl^S X- I - « f <“ -visions of a, aid 

rnteinj a a, defense ofrunj^? ^-^ * “ ““ C “« ato * °ffi«r «d 



Date: 


TVped Name: 
Title: 



n GEORGIA INSTITUTE OF TECHNOLOGY 
C/0 DR WILLIAM HUNT 
DEPARTMENT OF ELECTRICAL ENGINEERING 
ATLANTA 

L GEORGIA 30322-0250 


F LORI DA ATLANTIC UNIVERSITY 
PO Box 3091 

Boca Raton, Florida 33431-0991 
(561) 297-2033 


CONTRACTS & GRANTS INVOICE 

“I 


INVOICE No. 00700' 


DATE: 04/20/1 


1 


• MAIL TO THE CASHIER'S OFFICE AT THE ASOVC ADORES* 

• PLEASE MCLUDC THE INVOICE NUMBER ON YOUR CHECK 


AGRE^ENTZP^CI 
NAGW2753 





iimmm 

FAU ACCOUNTINGS** 




GC0000132 


02-1620-057 EX:00 


^OBJECT CODEji 
007001 


PROJECT TITLE: DEVELOPMENT OF HIGH DEFINITION SYSTEMS CAMERAS 
PI: WILLIAM GLENN 

FOR THE MONTH ENDING: DECEMBER. 1997 

CURRENT 


CUMULATIVE 


SALARY: 

OPS: 

FRINGE: 

TRAVEL: 

EXPENSE: 

OCO: 

TUITION: 

SUBCONTRACT ABOVE $2 5k 

TOTAL DIRECT COST 
INDIRECT COST § 45.00k 

TOTAL COST 

TOTAL DUE THIS INVOICE 
SINCERELY, 


$ 

$ 


28 , 203.92 

$ 

363 , 737.04 

0.00 


25 , 341.60 

8 , 204.16 


109 , 527 .64 

0.00 


10 , 870.99 

- 219.90 


87 , 380.01 

0.00 


57 , 721.85 

413.90 


413.90 

0.00 


0.00 

36 , 602.08 

$ 

654 , 993.03 

16 , 383.64 


224 , 372.83 

52 , 985.72 

$ 

879 , 365.86 


52 , 985.72 



KETIE ST. LOUIS 
ACCOUNTING COORDINATOR 


PLEASE REMIT PROMPTLY. PAYABLE WITHIN 30 DAYS. 

FOR PAYMENTS BY JOURNAL TRANSFER: 

SAMAS ACCOUNT NUMBER: 4920 2 655007 49900700 60 
CATEGORY CODE: 001500 


C&G Copy/Pink 
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Communications Technology Center 


August 13, 1999 


College of Engineering 
Florida Atlantic University 
777 Glades Rd. 
P.O. Box 3091 
Boca Raton, FL 33431-0991 
(561) 367-2343: FAX (561) 367-3418 


Dr. William Hunt 
Georgia Institute of Technology 
Department of Electrical Engineering 
Atlanta, GA 30332-0250 


Dear Bill: 


ba^ of! n r r Cam r T Cept that had been patented and assi S ned to FAU was proposed to Georgia Tech as the 
ELtdefinir era deVel ° pment pr °S ram . In this P^g™, under subcontract to Georgia Tech, we ^first simulated the 

previous pioj«^ rep^ ° n 3 

Since i, VerSi °" ^ ^ * ™ S “ * PfaC * iCal —• 


We are currently completing an improved version of the camera on DARPA funds for deliverv to the Naw Thic 

SiS^^«s«=a-ssr2Sf' 

Enclose is the final close out documentation required by the subcon, me,. Thank you for your assistance in these 


Sincerely, 



William E. Glenn, Ph.D. 
Director 


W. E. Glenn, and J. W. Marcinka, “The Development of a 1920 x 
Frames Per Second,” SMPTE Journal, October 1 997. 


1 080 Pixel Color CCD Camera Progressively Scanned at 60 
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Florida Atlantic University 

777 GLADES ROAD 
P.O. BOX 3091 
BOCA RATON, FLORIDA 33431-099! 


DIVISION OF SPONSORED RESEARCH 
(561) 297-2310 
FAX (561) 297-2319 


July 20, 1998 


Ms. Danielle J. Herrmann 
Contracting Officer 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0420 


Re: Closeout of Subcontract No. E-21-H83-G4 


Dear Ms. Herrmann, 

We are submitting the following close out documents per our conversation. 

• Subcontractor’s Release (State the cumulative amount invoiced) 

• Subcontract’s As signment of Refunds, Rebates, Credits, and Other Amounts 

• Final Property Report 

• Copy of Final Invoice 

If you have any administrative questions please contact me at 561-297-2366. Thank you for 
your assistance in these matters. 


Respectfully, ^ 

Beth A. Swerdloff, Assistant Director 
Division of Sponsored Research 


c: J. Engelbrecht 

E.Bemmel 


Boca Raton • Fort Lauderdale • Dania * Davie • Palm Beach Gardens • Port St. Lucie 
A Member or the State University System of Florida 
An Equal Opportunity/ Access/ Affirmative Action Institution 
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SUBCONTRACTOR’S ASSIGNMENT OF REFUNDS, 
REBATES, CREDITS, AND OTHER AMOUNTS 
SUBCONTRACT No. E-21-H83-G4 


Pursuant to the terms of Subcontract No. E-21-H83-G 4inder Prime Contract No. NAGW2753 and in 

consideration of the compensation as provided in the said subcontract and any assignment thereunder, the 
Florida Atlantic University, 777 Glade s Road, Boca Raton, FL — 334 31 

(Subcontractor’s Name and Address) 
hereinafter called the Subcontractor) does hereby: 


1. Assign, transfer, set over and release to Georgia Institute of Technology (hereinafter called the 
Contractor) , all rights, title and interest to all refunds, rebates, credits and other amounts, (including any 
interest thereon) arising out of the performance of the said subcontract, together with all the rights of 
action accrued or which may hereafter accrue thereunder. 

2. Agree to take whatever action may be necessary to effect prompt collection of all refunds, rebates, 
credits, and other amounts (including any interest thereon) due or which may become due, and to 
promptly forward any such proceeds to Georgia Institute of Technology, Office of Contract 
Administration, Atlanta, Georgia 30332. The reasonable costs of any such action to effect collection 
shall constitute allowable costs when approved by the Contracting Officer as stated in the said 
subcontract and may be applied to reduce any amounts otherwise payable to the Contractor under the 


terms hereof. . . , . . . , 

Agree to cooperate fully with the Contractor as to any claim or suit in connection with refunds, rebates, 

credits, and other amounts due (including any interest thereon); to execute any protest, pleading, 
application, power of attorney, or other papers in connection therewith; and to permit the Contractor to 
represent it at any hearing, trial, or other proceeding arising out of such claim or suit. 


IN WITNESS WHEREOF, this release has been executed this _9th_ day of 


19 98 . 


n 

Florida AtWnt/c University 


(Subcontractor) 


WITNESSES 






Signature:, 


Typed Name:, 
Title: Actil 


Edwin P. Bemmel 


Assistant Controller 


(Note: In the case of a corporation, witnesses are not required , but t|e following certificate must be 

rF.rmr.TE 


1 , 

of the . 
that 


, certify that 1 am 


(Official Title) 

named as Subcontractor in die foregoing release, 


was then 


who signed said release on behalf of the Subcontractor, 
(Official Title) of said 


that said release was duly signed for and on behalf of said — 

authority of its governing body and is within the scope of its corporate powers. 


by 


Date: 


Signature: 

Typed Name: 
Title: 


SUBCONTRACTOR'S RELEASE 
SUBCONTRACT No. E-21-H83-E4 


Pursuant to the terms of Subcontract No. E-21-H83-R4 under Prime Contract No. NAGW2753 

nod in consideration of the sum of _Eiqht Hundred & SevPntv-nineThousand Three Hundred 

Sixty five 86 CfintrS dollars ($ 879.3 65.86 ) which has been or is to be paid 

under die said subcontract to: -H83-R4 



(hereinafter called the S ufreoptrsyttr) or to its assignees, if any, the Subcontractor upon payment of the said sum bv 

officers, agents, and employees, of and from all liabilities, obligations, claims and demands whatsoever under or 
ansag from the said subcontract. wu^va unoer or 


!“ wfth P*® 1 mattcrs it will comply with all of the provisions of the said 

• tbe <*""*■■* - 


IN WITNESS WHEREOF, this release has been executed this 9th day of j(i 1 v. 19 98 


WITNESSES 





: — et ^ . 


Florida Atl 


Signature:, 
Typed Name:. 
Title: A 




CERTIFICATE 
_, certify that I am 



ntractor) 


n P. Bemmel 


ssistant Controller 


of the. 
that 


(Official Tide) 

. named as Subcontractor in the foregoing release; 


was then 


. who signed said release on behalf of the Subcontractor, 
_ (Official Tide) of said 


that said release was duly signed for and on hrfmtf of said 

authority of its governing body and is within die scope of its corporate powers. 


by 


Signature:. 


Date: 


Typed Name: 
Title: 



F LORIDA ATLANTIC UNIVERSITY 
PO Box 3091 

Boca Raton, Florida 33431-0991 
(561) 297-2033 


INVOICE No. 00700 


GEORGIA INSTITUTE OF TECHNOLOGY 
C/O DR WILLIAM HUNT 
DEPARTMENT OF ELECTRICAL ENGINEERING 
ATLANTA 


CONTRACTS & GRANTS INVOICE 
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DATE: 04/20/ 


- MAIL TO THE CASHIER - S OFHCE AT THE ABOVE ADMES3 
• PLEASE MCLUOC THE INVOICE NUMBER ON YOUR CHECK 


^GEORGIA 303^2-0250 
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wsmmmmmmm 
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GC0000132 

02-1620-057 EX.00 

007001 


PROJECT TITLE: DEVELOPMENT OF HIGH DEFINITION SYSTEMS CAMERAS 
PI: WILLIAM GLENN 

FOR THE MONTH ENDING: DECEMBER, 1997 


SINCERELY, 



KETIE ST. LOUIS 
ACCOUNTING COORDINATOR 




CURRENT 

CUMULATIVE 

SALARY: 

$ 

28 , 203.92 

$ 363,737.04 

OPS: 


0.00 

25,341.60 

FRINGE: 


8 , 204.16 

109,527 .64 

TRAVEL: 


0.00 

10,870.99 

EXPENSE: 


- 219.90 

87,380.01 

OCO: 


0.00 

57,721.85 

TUITION: 


413.90 

413.90 

SUBCONTRACT ABOVE $2 5k 


0.00 

0.00 

TOTAL DIRECT COST 

$ 

36, 602.08 

$ 654,993.03 

INDIRECT COST § 45.00% 


16 , 383.64 

224,372.83 

TOTAL COST 

$ 

52 , 985.72 

$ 879,365.86 

TOTAL DUE THIS INVOICE 

$ 

52 , 985.72 



1 


1 


1 


1 


I 


I 


PLEASE REMIT PROMPTLY. PAYABLE WITHIN 30 DAYS. 

FOR PAYMENTS BY JOURNAL TRANSFER: 

SAMAS ACCOUNT NUMBER: 4920 2 855007 48900700 60 
CATEGORY CODE: 001500 


C&G Copy/Pink 


